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In magnetism wo arc concerned with magnetic fields and tubes of 
magnetic force at rat and in electrostatics uith elcotno fields and 
tubes of elcotno forco at rat , the reader will see later that in 
ourront cleotneily no are really concerned with the eoexutatce of 
tho above two fields while tn a condition of relative motion. 

One method of producing the difference of potential 
necessary for a continual flow of electricity is by chemical 
action. 

Exp (1) Place a plate of oomman rino (Zn) m dilate salphano 
noid (H}SO<) , a violent notion ensues, tho rino is eaten away, vine 
sulphate (ZnSO ( ) is formed, hydrogen gas (H a ) is evolved, and on 
the whole energy is liberated appearing as heat in the solution The 
ohemicnl notion is expressed by tho equation 

Zn + HjS0 4 s ZnS0 4 + Hj 

(2) Amalgamate tho rino (t e coat its surface with merouiy) and 
rcplaoe in the aoid , no action is observed. 

(3) InBorta plato of copper fn tho aoid , agninnoaotioms observed 
Pinco tho amalgamated nno and tho copper side by aide m the aeid 
hut without touohmg oaoh other, and still no action ib observed. 



(4) Fit up the apparatus shown in Fig 273, where Fis an electro 
scope, F and <7 tvv o brass plates, the former being provided with a 
handle and the latter fixed to an insulating support, MIT a sheet 
of paper between F and £7, and ff end L the oopper and amalga 
mated mno plates respectively, standing m the dilute sulphuric 
acid , the commotions are as indicated, tram which it u ill be seen 
that the nno plate being earthed is at zero potential, whilst 3, 0 
and V, being oonneoted, are at a common potential Now remove 
W by insulating tongs and then take away the plate F, the leaves 
of the electroscope diverge, and by the method of Art. 69 it can be 
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proved that ihetr potential w ponitte Hence we way eonolnde that 
m (8), although no aobon u observ ed, the potential of (he copperplate 
u higher than that of the tme plate Repeat tins experiment 'nth 
the copper plate n joined to B, % t earned and « t ten potential, 
and the nno plats L joined to I The leaves diverge as before, but 
on testing it u found that their potential is negative , this also sup- 
ports the above, viz that in (8} the potential of the capper plate u 
higher than that of the tme plate. An explanation of title experi- 
ment la given below 

(6) Place the two plate* in the acid and connect them outside by 
ante (Pig 274) ; it nil be found that (a) the mno te eaten an ay 
and mno sulphate is fanned, (b) hydrogen gas 

appears at the copper plate, (c) a ounent of „ __ M 

electnoity flows in the aunnut, as can be 
readily proved by tanging a compass needle 
near the wire , the directum of the onrrant 
u from oopper to nno in the connecting u ue, 
mnotooqppet inthebqmd 



Such an arrangement u mIIm! a 
ample, galvanic, or voltoio cell; the 
oopper plate is at a higher potential 
than the zinc and is called the &toh 
potential plate, the portion, of it outside 
the hernia heme called the eomfow 
pole , tiie mno is known as the tow po- jhp 374 
tmtval plate, the portion of it outside 
being called the negative pole In the outside circuit the 
current natmatty flows from the high potential cornier to 
the low potential mno, inside the energy of the ebiwmmj 
aobon forces the electricity from the low to the Wb po- 
tential The chemical action is, m fact, similar te that ofa 

S lifting water from a lower to a higher level, from 
position the water would naturally run down again, 
doing work m virtue of the energy conferred upon it Thus 
m the cell the consumption of the mno 1 eally the 

oaergy which maintains the current in the circuit The 
difference in potential between the zme and the copper 
whrni they are meiely immersed in the amd and not con- 
nected, t a when the cell is on “open circuit, 1 « the 
electeo-motive fores (B hLF ) of the cell 

Tho mepjanatson of the results noted m (4) above mav now be 
given taefiy as follows —f and <7 form a 00 a denser of fiurly large 
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capacity When arranged as in the figure, //, 0 and F acquire a 
common potential equal m fact to the IS M F of the cell, and, of 
course, a positive charge has been gained hj 0 , the potential is, bow- 
el er, not strong enough to cause the leaves to diverge When Fib 
removed wo have no longer a condenser but merely a plate Oof 
much smaller capacity, and the ohargo it has acquired raises its 
potential to snch an extent that the leaves diverge 
On tho electron theory the current from a cell ib a Son of neyafne 
electrons from uno to copper ontside 


143. Preliminary Ideas on the " Chemical ” Theory 
of the Simple Cell. — The theory of the simple cell is dealt 
with m Chapter XIV , but the following elementary treat- 
ment at this stage will considerably assist the reader to 
understand much that follows 
Investigations relating to the alteration of the freezing 

S aint, boiling point, ana vapour pressure of water, pro- 
uced by dissolving acids and salts therein, have led to the 
conclusion that dilute solutions are “ dissociated,” t e the 
molecules are broken up into atoms, or groups of atoms, 
and further, that there is a constant interchange of atoms 
between the molecules , thus at any instant a large number 
of atoms, in the act of passing from molecule to molecule, 
will be free or dissociated, and these free atoms are sup- 
posed to be electrically charged— metallic ones positively 
and non-metallm ones negatively Such free, charged atoms 
are called ions. 

Consider the zinc and copper plates in the dilute acid— 
practically acidulated watei — but not connected Theliqmd 
co ntains a large number of oxygen and hydrogen ions, the 
former negatively, the latter positively, charged Now zinc 
has great affinity for oxygen , it attracts the negative oxy- 
gen ions within a very narrow film round about it until its 
potential becomes so strongly negative that it begins to 
repel the oxygen ions electrically as intensely as it attracts 
them chemically , equilibrium is Boon attained, the final 
result being, however, that the potential of the zinc is 
lowered by an amount e v say, below that of the outer 
surface of the film The acidulated water, being a con- 
ductor, has the same potential throughout 
The copper also attracts the negative oxygen ions within 
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a very narrow film, so that its potential is, say, e l below that 
of the outer surface of this film ; the attraction is, however, 
teas than in the case of the zinc, so that 4 is less than 4 , 
and the copper is, therefore, at a higher potential than the 


me 

ThePJ) between the zino and the copper is clearly s, — e, 
and tins measures the E II F (IS) of the cell Fig 275(a) 
represents (not to scale) the potential slopes referred to, 
the vertical distances denoting potentials, and AS and OS 
Hie outer surfaces of the “ films" at the zmo and copper 
respectively 

When Hie plates are connected by a wire the oanditum 
of equilibrium is upset Electricity flows along the wire, 
from copper to _____ 

KSS^njin-v 

that of the latter , 
the zmo again at- 
tiaots negative 
oxygen 10 ns and 
the copper now 
repels them, and 
this motion of 
negative ions in 
the direction cop- 
per to sine in the 
liquid necessarily 
implies a motion of positive ions (i a hydrogen ions) in 
the opposite direction zinc to copper, and this is the di- 
rection recognised as that of the current inside, and , as 
far as the potential slopes are concerned, thme is on the 
whole a perpetual process towards readjustment, the P D 
m fiie fUm at the zinc bong maintained equal to a, and 
that at file copper equal to eg (neglecting the of 

the hydrogen there) Now, however, there is a fall of 

S tenfaal in the liquid from the outer surface of the 
n to the outer surface of the copper film equal to P, say, 
and a potential fall in the wire equal, say, to e These 
potential slopes are shown in Fig. 275 (5) , dearly — 


fi- 


la) 


T - 



Fig 376 
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decreasing affinity lor oxygen (and deci easing solution 
pressures) , any two of these may be chosen as the dements 
of the cell, the further the substances are apart on the list 
the greater will be the BMP. and the substance whidh is 
the higher on the list will constitute the negative pole of 
the cell — Manganese, Zinc, Lead, Tin, Iron, Copper, Mer- 
cury, Silver, Platinum, Carbon 


144. Local Action and Polarisation. — Common sine 
contains many impurities, such as iron, lead, arsenic, etc ; 
these, together with the sine, being m contact with the 
add give rise to a number of local currents all over the 
surface of the plate, the result being that the zmo is con- 
sumed without any advantage hong gamed therefrom 
This, termed " local action," is prevented by amalgamating 
the tine The mercury dissolves the one, forming a uni- 
formly soft amalgam which covers up the unpuntaeB j as 
the duo is consumed in the cdl the impurities fall to the 
bottom Local currents between portions of the plate dif- 
fering in hardness am also prevented by this device 
We have seen that when the cell is giving a current 
hydrogen bubbles appear at the capper plate One ex- 
planation of their appearance there was given by Gkotthiia, * 


1 


1 1' 2 » 8 8' 4 4' 58* 86* 
80,11, SO,H, SO,H, 80, H, SO,H, SO, 3, 


SO, . H,60, ■ HjSO, H|BO, HlgO, H^OiH, 

i Fa 9 s 8'^t 7# Fe F 


Fig 276. 


and is shown m Pig 276 The upper row shows the 
arrangement of the molecules before the poles are con- 
nected, the lower row after the connection is maJa The 
smo (Zn) combines with the sulphion (SO,), and alternate 
separations and recombinations take place until finally the 
hydrogen of the molecule on the right is liberated at the 
copper plate. The dissociation theory of Clausius gives a 
more modern explanation the positive hydrogen ions 
travel towards the copper, and the negative ions towards 
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the sane The deposition o! the hydrogen on the copper 
is termed "pdtaruaUm " , it weakens the current and 
spoils the cell in two ways — 

(o) The gas has a large resistance (Art 154), t « it 
. strongly opposes the flow of the current 

(J) A back pressure, or baek E MF , greater than e, a 
set up, so that the E hi F (E) of the cell (viz e, — e.) is 
greatly diminished. v ' v 

Modern primary cells are mainly devices for the ehnuna- 
tion of polarisation 


145. Various Forms of Cells.— As it is essential for 
the student to see, handle, and work with these cells, 
detailed descriptions will not be given here. 

(1) Dasiell'b Cem,— T he Darnell’s Cell ffig 277) 
consists of an outer cylindrical copper vessel forming 
the high potential element Thu 



contains a concentrated solution 
of copper sulphate (CnSOA which 
acta as the ''depoknser/tc the 
substance which prevents polari- 
sation In this stands a porous 
earthenware pot containing dilute 
sulphuric acid and an amalga- 
mated. zinc rod To the upper 
portion of the copper cylmaer a 
perforated shelf is attached (not 
shown), carzying crystals of cop- 
per sulphate, these are partajy 

covered by the solnfoon, and by 
- -- - - — 1 — t the 


Rg 277 strength of the latter 

Briefly, the action is « fol- 
lows — The solutions ionise so that we have portae Hy- 
drogen and copper ions and negative sulphions (SO,), an 
positive zinc ions pass from the zinc plate mto 
In the porous pot zmc sulphate is formed according w 
equation 

Za ■}■ HjSO, * ZuSO, + Hj, 
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and. at the same fame, with repeated combmataona and 
dissociations, the positive ions travel, under the influence 
of the electric field, towards the outei compartment In 
the outer compartment the positive copper ions travel 
sumlady towards the copper vessel, where they are 
deposited and give np their chargee, whilst the hydrogen, 
which has entered from the inner compartment, joins 
with the SO,, forming sulphuric amd according to the 
equation 

H, + OaSO. s* H 18 O 4 + Oil 


Thus copper is deposited on the high potential plate, 
hydrogendoez not appear there, end polarisation is pre- 
vented Frequently zmo sulphate is used in place of 
sulphuric tuna, m which esse we may write— 

SEa + ZofiO| — SEnSOi + Zn 
Zn 4 " O118O4 * Z118O4 + On 


The BMP. is about 11 volta (Art 158), and the re- 
sistance (Ait 1M1 rather high, but both are fairly 
constant, so that the cell is useful when 


small, but constant cmrente aie leqmred 
In Gravity Dtm&i Cttti no porous pot 
is used, the denser copper sulphate solu- 
tion being placed at the bottom of the cell, 
the lighter zmo sulphate resting on it 
The Mulatto OtU (Fig 277a) is a modifica- 
tion, at the bottom is a copper plate end 
copper sulphate crystals, and above this 
sand or sawdust moistened with zmo zul- 
phate solution, at the top is the zme plate 



Fig 277a 


. Qsovs's Cell ato Bukset’s Cell — In Grove’s 
l the fane, Z (Fig 278), is cast m the form of a U, and 
is placed in dilute sulphuric sad In the bend stands 
the porous pot containing strong nitric sod (UNO,) and 
the ugh potential plate, viz a sheet of platinum. The 
chemical reactions are— 


Zn + H-80, ■ ZnSOi + H| 

Hj + 2HNO, a 2H,0 4 SS70, (mtno pnondo) 

Thus hydrogen does not appear at the platinum and there 
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and the cell regains its strength , hence Leclanche Cells 
are adapted for intermittent work, eg electric bellB and 
telephone calls The E 21 P. is about 1 5 volts, but the 
reu&ttince is frequently high 


- Zittr 
Band 

Fig 282 


t (5) AOOI OMERATE IiECLAKCHg 

y Cfll — This type (Fig 282) dis- 

3 | penses with the porous pot A 

-h-V Carlon mixture consisting of 40 parts of 

\A \ Asgtentrak black oxide of manganese, 55 

TU _j at parts of gas coke, 3 prts of shel- 

fd amrrtmat kc, 2 parts of potassium sulphate, 

. I JrJ . Zmr and a little sulphur is heated to 

= J~g Band a high temperature, and, by hy- 

drauhc pressure, formed into a 

Fig 282 compact moss Two blocks of 

this agglomerate are fixed b\ 
indiarubber bands to a rod of gas coke forming the high 
potential element Other details will be gathered from 
Fig. 282 The resistance is less than 
that of the ordinary type * 

(6) Dry Cells — The so-called dry f .. - 

cells are mainly modifications of the jJTJr S \J 
Leclanche The ECO type ( Fig » J r t ’ _ 

283) consists of a zinc cylinder, next ip z ■ n 

to which is a paste, W, composed of £ ' E 

plaster of Paris, flour, zinc chloride, / € c “ i / 
sal ammoniac, and water. Adjoining ijj ^ | 

tins is a paste, B, of carbon, oxide of 3= r j 

mang anese, zinc cblonde, sal ammo- J - = 
mac, and water 0 is a rod of carbon jj 

The whole is covered with a case of 
null -board, ib sealed with pitch, and Fig 283 
is provided with a vent for the es- 
cape of gas The EMF is about the same os that of 
an ordinary Leclanche, but the internal resistance is much 


•jlr H 

s= _ : 

Fig 288 


The Eellesen Cell consists of two cylinders of zinc, the 
fnnar one being perforated and lined with paper Between 
these is a paste consisting of sal fctnnioniae, plaster of 
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Puns, and gam tragaeanth In the centra of the cell 
stands the carbon rod, anrand 'which is the depol&nser, 
compand of oxide of manganese, plumbago, and sal 
ammoniac The whole is sealed with pitch and provided 
with a gas vent 

(7) Ssnon-IiAnunDB Obu, — T his is a one-fluid cell, 
the plates being compressed copper oxide and xmo, hath 
immersed m a solution of sodium hydrate Its BMP. 
is about 75 volt, but the resistance is low, bo that laige 
^currents can he obtained from it, and it is free from 
local actum and polarisation The chemical reactions axe — 

Zn "f ZHeHO — 2 qNi^ *J* Hf 
H, ■§• CnO * HjO + Co. 


The cell is largely used m America for rail-way work. 

(8) Burned Bastbbies — This is made up of the VW t- 
type of primary cell Tin elements oomosb of a rod 
of sme placed inside a flattened porous carbon cylinder 
The latter is dosed at the bottom, and is surrounded by 
an outer dosed chamber of lead The liquid (some 
dmmuc amd solution) is contained m a vessel fixed some 
distance above the level of the cell From this height it 
into the surrou ndin g chamber, do'wijr passes fhiovgh 
roe porous carbon towards the zme, and is finally pumped 
back to the containing vessel again or passed to waste 
ine constant renewal of the solution in contact with the 
carbon eliminates polarisation TEe hope is entertained 
that bettenes of these cells may, m tameTto some extent 
replace accamulatorc i (Art 209) Single cells are, natur- 

“ & soraa-cell 

placed a mixture of meiourous sulphate and saturated 





Grystd j 


r-, ; vi 


but the cell must have been at tbs temperature for some 
time for the relation to be true, for the variation of the 
E M F lags b ehin d the temperature change. At the 1908 
I nternational Conference it vras decided to take the E ILF. 
at 15° as 1 4826 volte 

(10) 'Weston- Cadmium: Standard Celd —In this cell 
(Fig 285) mercury (If) is the positive pole, an amalgam 
of mercury and cadmium (A) the negative pole, cadmium 


saturated solution of, cadmium sulphate ) Its W 
may be taken as 10195 volts at 15° C Certificates 
issued by the National Physical laboratory take the 
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EMF as 1*0184 volts (mteroational) at 20° 0. and at 
■ay temperature f 5 0 — 

Biz=B a - 0000406 (t- 20)- -00000095 (f-20)» 

+ 00000001 (t- 20)*. 

OaUa grouped together an called “batteries” ; there are three 
gonpir|4 frequently adopted, viz. tenet, parallel, and mixed 

It rimuld be mentioned in passing that the BUT. of a oell 
depends on the temperature end on toe material* employed m its 
construction , it is independent of the of the pb;ijs and their 

distance sport On the other band the internal resistance depends 

Ml ll * ,1 « i . • 1 . « a .. a . • 


eoonomieal in nee 


the distance the less the reiistenoe ,_f8) on the concentration, etc., 
of the liquid or liquids employed. That a eeS with large plates hat 
the identical EhlF qf a email one qf the tame kind, but At big one 
hae the letter rtsitimee The student will understand these points 
better after reading Chapter XL 

A good voltaic wl should meet the following requirements ■ 

1 deettomobve fores should be high and constant 
i resistance should be small 
should be free from polarisation 
It should give a constant current for s considerable tune, 


which should not be rejSUv evflSbMe * ““ " 

(6) No chemical action should go on in it except when the ourrent 

w 9 a ? n *l 

(6) It should be convenient and economical m use 

ofS^S^Sr^ aiecdlsd^lt with from the point of view 

148. Dffagmetio Effects of 
a Current. — It was soon dis- 
covered by experiment that a 
conductor which it carrying a 
current hat a magnetic field 
nrm unding it 

II) Boren hole m a piece 
of cardboard, fix it in a horizontal 
position, pm B wire \ertically 
through it, and lot a strong ourrent 
dow through the wire SpnrUe p, B m 

?*«■•« «• “Aboard and «g *8B 

6 ^K A*l * tt * r ' ®" a * nS * arrange ******* in concentric 

"* “B E| Aji 


Fig 288 
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oiroles round the wire as their common centra , these indicate the 
lines of force in the magnetic field dno to tbe current (Fig 2S6) 

(2) Arrange that tbe ourrant is flowing doicn the sure. More a 

small compass needle round 
the wire and note m which 
direction the north pole 
points In this case it mil 
be found that the north pole 
points as indicated bv the 
arrowB in Fig 2S7 (a), i e. 
the positive direction of the 
lines of force is elochrtte. 
Repeat with the current 

flowing vp the wire • the 
north pole will move in the opposite direction, * e. the positive 
direction of the lines is eounter-aoekioue (Fig 287 (fi)J 

(3) Place a compass needle on the table and hold a wire above and 

pare llel to it, as shown in Fig 2S8 Pass a ourrent through the wire 

(a) from south to north, (b) from north to south, 
and note in whiah direction the north pole of *“ 
the needle » deflected ; it vnll be found that in N 
(a) the north pole of the needle moves towards 
the west, and in (6) towards the eatt Hold the 
wire below the needle and again pass a ourrent ^g 2S5 

(c) from south to north, (<2) from north to south , 

it will bo found that in (e) the north pole of the needle ib deflected 

towards the east and in (d) towards the west 


The first experiment above was ongmally due to Arago 
and the last to Oersted The results need not bo commit- 
ted to memory , they may be obtained from the following 
rules which the reader should verify from the experi- 
ments — 

(1) Ampere’s Bulb, — Imagine a man swimming in 
the circuit in the direction of the current and with hw face 
towards the needle , the north pole of the needle will he de- 
flected towards his left hand 

(2) Bight Hand Bule — Hold the thumb qfthcnqht 
hand at right angles to the fingers Place the hand on 
the wire with the palm facing the needle and turn the fingers 
in the direction of the current, thethnmb will point mthe 
direction in which the north pole unU be deflected 

(S) Maxwell’s Corkscrew Bule — Imagine an ordi- 
nary right-handed screw to be along the wire and to be 
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twisted so at to move tn the direction of the current! the 
direction in which Os thumb rotates is the direction in which 
the north pole tends to move round the wire 
From (a) and (<Z), or (6) and (e), of experiment (8) 
above, it follows that d a compass needle be placed at the 
centre of a cod of several turns of win, the plane of the 
coil being set in the meridian, and a current be passed, the 
currents in all the wires above and below the needle will 
tend to deflect it in the same direction and thus a weak 
current u enabled to produce a deflection j tbs is utilised 
m many galvanome te rs (Chapter XII.), which are in- 
struments for the detection and measurement of electric 
currents 


Bxpa (4) Bend a oopper wire into a mrole of about 10 mobes 
diameter and fix to a horizontal sheet of eudbosrd as shown in Pig. 
280 Fuss a strong onrzent 
end obtain the lines of force 
by filings as before Set the 
cod with its plane m the 
magnetic meridian, place a 
oompaas needle at the oentra 
of the ooil and note the di- 
notian in whibh the north 
pole m deflected This gives 
the direotumaf the magneto 
field at the oentn (3 the 
end; m Pig 280 the l 
tore dneobon la away : 
the oheener 

(6) Reverse the enrrent 
md wpeat the experiment 3be lines of foroe will be as before, 
but the direobon of toe field will be reversed 

The direction of the field at the centre of a circular coil 
carrying & current may be obtained fiom the rules given 
above, but tha following u also convenient • — Looking at ike 
face qfihe ant, if the current w clockwise, the positive direc- 
tion cf the lines inside the ceil it away fiom, the observers 
y the current tt counter-clockwise, the poeitive directum is 
towards the observer 

hoard as shon n in Pig 290 Pass a current and obtain the lines of 
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force by filings and the direction of the field mside and ontside by a 
oompasa Reverse the omrent and repeat 

An examination of Fig 290 (a) will show that the mag- 
netic field in the case of a solenoid carrying a current 
resembles the magnetic field of a bar magnet The hues 
of force leave one end of the solenoid, pass through the 
outside field and enter the other end, completing their 
circuit through the solenoid itself In fact, Pjg 290 (a), 
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for example, corresponds to a bar magnet, the near end, 
at which the current ts circulating clockwise, corresponding 
to the south pole, and the lemote end, where the current 
is circulating counter-clockwise, corresponding to the north 
pole Fig 290 (6) will serve to emphasise these facts 
The following experiments also Bhow the magnetic pro- 
perties of a cui rent- can ymg solenoid and circular coils 

JSxps (7) Arrange the apparatus shown in Fig 291, where m, m 
are email fixed oops containing mercury and w, w are wires oom 
mumoatmg with a battery The adenoid is therefore suspended 
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Fig 291 

and free to move in a horizontal plane. On passing a current the 
solenoid Bets itself in the magnetic meridian just as a suspended 
maenet does Find also its north and south ends by means of a 

® » S . 1 . aLa •liuoiinnfl nf 4-lea nmmnnf 
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(8) Oonstrnot apparatus similar to Fig 282 (Deist Rive’s floating 
battery), where a and 0 are plates of sine and copper, fitted in a 
cork floating in dilate salphnna acid, the 
plates bang joined by a ooil of insulated 
copper wire Bring the poles of a magnet 
near the ooiL and note the resnlting attrao- 
taon or repulsion, and tbs direotaon of the 


From tiie results of the shore ex* 
pernnenta the following rules for the 



are deduced — 

(1) Ajifbeb’s Bulb — Imagine a 

man swimming t» the mrcmt t» the 
direction of the current and with his Fig 282 

face towards the inside of the solenoid i 

his hjft hand will Is towards the north end qf the solenoid 

(2) Eight Havd Bulb — Hold the thumb of the right 
hand at right angles to the fingers Place the hand on 
ftc solenoid with the palm faming the inside and turn the 
fingers m the direction of the current; the thumb vnU he 
towards the north end of the solenoid 

(3) Eotd Bulbs — Look at the end cf the solenoid, if 
the current ie counter-clockwise that end is a north, if it 
tt clockwise that end is a south. 

If a bar of iron he placed inside the solenoid and a 
current passed through the latter, the iron is converted 

. 4 into a magnet The 
polarity of the iron 
is the same as that 
of the solenoid and 
is given by the above 
rules (Bee pi. 21 ) 
Such magnets are 
called “ electromag- 
nets" 

The reason for the 
"end to end” distnbn- 
. , .... . tion of the lines in the 

ease of a solenoid will he gathered from Fig 293, whioh represent* 



Fig 293 
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three toms. At e and ftne circular lines, due to adjacent turns, 
ate in opposite directions and neutralise each other Inside, the 
general direct' on of the resultant force is evidently from at oh, and 
outside, from c to d 
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Pig 294. 


Pig 295 


Pie 294 gives the field in the case of tiro parallel wires earning 
equal currents in the came direction (downwards) and Fig 295 the 
field about two parallel wires carrying equal currents in opposite 
directions. 

The student should note that the above rules are as- 
suming the current to be from positive pole to negative 
pole outside, and should note the change m the wording if 
the electronic current be considered. 


147. Chemical Effects of a Current. — la Art 143 
we have mentioned the fact that many liquids are decom- 
posed by electricity The process is termed declrolyns, 
the liquid is called the electrolyte, and the containing 
vessel the voltameter. The metal plates by which the 
current enters and leaves the liquid are termed the dec- 
trades ; that by which it enters is the anode, that by which 
it leaves is the lathode ; the constituents of the liquid which 
are liberated and appear at the electrodes are called the 
tone, that travelling towards the kathode being the latum, 
and that travelling towards the anode the anion 
Thus, if the poles of a Bunsen’s cell be connected to two 
pieces of platinum foil immersed in water acidulated with 
sulphuric add, the passage of the current through the 
liquid decomposes it into oxygen and hydrogen. These 
gases are liberated separately at the surfaces of the pieces 
of platinum foil — the oxygen coming off from that con- 
nected with the positive pole of the ceQ (anode), and the 
hydrogen from the other (kathode). Bemembering that 
the dissociated atoms (or ions) of oxygen and hydrogen in 
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the liquid axe supposed to be charged respectively nega- 
tively and positively, this result is just what should be 
expected , for the foil connected vnth the positive pole of 
the oell, being charged positively relative to that connected 
with tbus negative pole, at once attracts up to its surface the 
dissociated oxygen atoms in its neighbourhood, and the 
dissociated hydrogen atoms seek the other piece. Thus the 
gases are liberated separately at the two platinum ter- 
minals — oxygen at the one and hydrogen at the other — 
and the current is maintained through the liquid by the 
stream of dissociated atoms passing from one piece to the 
other 


The oh anneal action in this ease is very similar to that 
which goes on in a voltaic w»TI, but it is essential to dis- 
tinguish dearly between the two oases In the voltaic 
ceil the stream of dissociated atoms ib Bet up by a difference 
between the chemical attractions of the two cell plates for 
oxygen, but in the esse past cnMjdenmd tha phtfannm plntao 
used are exactly similar and have no chemical attraction 
for oxygen at all, so that it is (Holy on electrifying them to 
different potentials, by putting them in contact with the 
poles of a cell, that the neoessary diffeiwmnw of attroAfan^ 
l dissociated atoms is established, and a current 
thereby set up Frnthei, since in the voltaic cell the 
motion of the d is sociated oxygen atoms is due to the greater 
attraction of one of the plates, these atoms on reaching 
that plate combine with it, and the chemical action which 
mamtams the current goes on la die case here con- 
siaered, however, neither the oxygen nor hydrogen atoms 
combine with the plates to which they are attracted, but 
their duuges, which they give up before liberation, neutra- 
lise the charges on the plates at the same rate as fl.«f 


chargra are supplied by‘the oell to which thTriates are 
conne ‘ lted , tin* vay a current is maintained round the 
circuit, ana the chemical decomposition produced is the 
result, and not the cause, of its eriatonef 1 
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springs a central tube terminating in a reservoir B Two platinum 
eleotrodes E, E are joined to terminals t, t, to wlnoh the poles of s 
Bunsen's battery of tno or throe oells may 
bo attached The central tube and B are 
first filled with the dilute aoid and the 
oooks 8, Saxo then opened The acid rises 
in the tubes T, T, and when these are full 
the cooks are closed and the current 

g assed The result is that oxygen and 
ydrogon appear in the tubes T, T, oxygen 
at the one containing the anode ana hy 
drogen at the one containing the kathode, 
tho volume of hydrogen being about 
double that of the oxygen The hydrogen 
may bo identified by the property that it 
burns with a pale blue Same when a light 
is applied and the oxygen by the foot that 
it ignites a glowing Bpunter 

When the acid is mixed with 
water it lomseB so that we have a 
large number of positively charged 
hydrogen ions and negatively charged 
sulphions , the result of the dissoci- 
ation may be written 

H,S0 4 = H, + SO, 

The hydrogen ions, under the in- 
fluence of the electric field, “ travel " 
towards the kathode, so that hydro- 
gen is given off tlieie The sulphion 
" travels ” m the opposite direction 
and at the anode we get the reaction 

Pig 288 SO, + H,0 = HjSO, + 0, 

so that oxygen is given off there 
Combining these two equations we have 

H,SO, + H,0 = HjSO, + H, + 0, 
and deducting H^SO, from each side 
H,0 = H,-f0, 

so that the final result is just -the same as if water hod been 
decomposed The electrolysis of dilute sulphuric acid is thus 
often spoken of aB the electrolysis of water Pure water 
(i e without the acid) cannot, however, he decomposed 
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electrodes may be used 


Em (2) Bltebrch/tu oftcdwm sutphaU { NaJ80A — Plaoe a porous 
pot inside a glam vernal and partially fill both vnth a solution 01 
aodiurn sulphate Add to the ablution in the porous pot a little 
reddened litmus and to tin solution in tin outer vessel a httii bine 
litmus Use platinum electrodes, one m the ponm* pot, the other 
in the outer icsad, the tetter being Uw anode end the former the 
kathode Bubbles of gas will ruelrom each plate, the red solution 
m the parous pat mil be tamed bine end the bun solution in the 
glass \e°sel will be bamed red. 

The sodium sulphate contains positive sodium ions and 
negative sulpbof -J, the former moving tovrards tire kathode 
and the lather towards the anode A. secondary reaction 
ocean at the kathode, thus — 

2m + 2H 1 0 = 2NaH0 + H > , 
so that hydrogen is evolved at the kathode and the caustic 
soda (NaHO) being an alkali turns the red solution blue 
A secondary reaction takes place at the anode, thus — 

S0 1 + H,0 = H^0, + 0, 

so that o zygen ts evolved at the anode and the acid turns 
the blue solution red 

The electrolysis of potassium ndpkafe (K,80.) gives 
results similar to the above. The potassium set free at 
the kathode gives a secondary reaction, thus— 

2K + 2H t O = 2KHO+H ll 

« ®TSJ T ®? *"* “* Po^um hydrate 

» formed. At the anode the secondary reaction mentimnd 


evo: 


dSriftfSlF 1 a ^ «■# or sodium 

^ ™ complex result* The sodium 
“ “• “tbode gives the secondary reaction 

totVtta 2Sa + 2H 5 0 = 2KaHO + H J , 

A# 1 ^ hydrogen » evolved there and caustic soda aonem* 
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with water forming hydrochloric acid and liberating oxy- 
gen, and some forms hypochlorous acid, etc 
lie electrolysis of potassium iodide yields free iodine at 
the anode and hydrogen at the kathode, thus — 

KI = K + I 

2K + 2HjO = 2KHO + H, 

This famishes a very delicate test for the existence of weak 
currents The free iodine turns starch paste bine so that 
if the ter minals of a circuit be placed a short distance 
apart on starch iodide paper the pomt-at which the positive 
terminal rests is indicated at once by a blue dot 

Exp. (3) Electrolysis of copper sulphate ( GuSOA —Place tiro pieces 
of platinum foil a short distance apart in a beaker containing a 
eolation of copper sulphate Pass a current through the ligmd. It 
will be found that metallic copper u deposited m a thin layer on the 
kathode whilst oxygen u liberated at the anode, the actions being 
expressed by the equations CnSO, = Cu. + SO, , SO, + H.O 
H.SO, + O Reverse the current Cornier will be deposited on 
the new kathode, the copper previously deposited will gradually 
disappear from the new anode and then oxygen will be liberated then: 

If copper electrodes be used m tbe above, then, as before, 
copper is deposited in a thin layer on thB kathode Tbe 
SO4 attacks the copper anode forming CuS 0 4 , some also 
30ms with water forming sulphuric acid and liberating 
oxygen as previously shown Again, the oxygen may com- 
bine with the copper forming copper oxide and this may 
again dissolve m sulphuric acid forming copper sulphate 
la the majority of cases the action at the anode is of tbe 
complex character indicated, hut if the copper anode be in 
such a condition that it ib readily attacked by the SO4 
copper is merely taken from it to form CuSO*, and the loss 
in weight of the anode mil he equal to the gain in weight of 
(he laihode. It looks, in fact, as if copper were merely 
earned through the liquid from one plate to the other, the 
average concentration of the liquid remaining the same 

Exp. (4) Electrolysis aj silver nitrate (AgKO a ) —Repeat the ex- 
periment with a solution of silver nitrate (a) with platinum elec 
trades, ftj with silver electrodes Results similar to those men 
timed above will be obtained in both cases miser will be deposited 
on the kathode- 
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fha above experiments illustrate the method of electro- 
plating , thus to sifrerplate an iron spoon it must bemads 
toform the kathode in a silver solution, the anode being a 
silver plots. In practice special arrangements have to be 
mads m order to get a coherent layer vynoh will afterwards 
take a good pchsh. The fallowing points, however, may 
be mentioned — 

Silvb rpultin g — Anode = Sliver ; Electrolyte = Solu- 
tion of doable cyanide of silver and potassium 
BTiOKEtFLATiNG — Anode = Nickel; Electrolyte = Solu- 
faom of mckal-ammonimn sulphate and amm onium sulphate 
Ooppbbplatxhg — Anode = Copper , Electi olyte = Solu- 
tion of copper sulphate 

Eukctkooilding — Anode = Gold, Electrolyte = Solu- 
tion of doubts cyanide of gold and potassium. 

Host electrolytes, like those described above, are liquids 
It is not, however, always necessary to make a solution of 
a salt m order to effect its electrolysis, for many salts, 
especially chlorides, when fused conduct dectrolytically. 
Thus, when fused, silver, magnesium, and ahmnmum 
chlorides are readily decomposed by a current, the pure 
metal appearing at the kathode This, in fact, is one 
important method of obtaining a number of metals in a 
pure state, and the metal potassium was first discovered 
by Sir Humphry Davy by subjecting the solid hydrate to 
electrolysis The hydrate was allowed to deliquesce 
slightly, so as to become like a paste, then, on passing a 
strong current through it, it quickly liquefied, and small 
globules of potassium appealed round the wire wheae the 
current left the hydrate The metal here appeared m a 
free state because there was not sufficient wain 1 present to 
combine with all of it as it formed. Incidentally it may 
be mentioned that many substances are now obtained on 
a commercial seals by electrolysis, eg metallic Bodium 
(Castner process), caustic soda and chlorine (Castner- 
KeUner process), metallic calcium, aluminium, etc 
The preceding are the more elementary points m con- 
nection with the chemical effects of a current , the subject 
is more exhaustively dealt with m Chapter XiV. 
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148. Heating' Effects of a Current — ! The fact that a 
conductor is heated bj the passage of an electric current 
is well known owing to its application m clectnc Jightmg, 
etc , the following experiments are, however, instructive — 

Exps (1) Jom the pole* of a Bunsen's cell b; a short piece of 
iron wire about half a rnilhmetro to dnrnete' Hold the wire 
between the fingers ; it gradual!; becomes hot, and m time roaj 
become too bot to touch 

(2) Take sho*t pieces of thick copper wire, thin copper wire, 
platinum wire iron wire, and me! cl wire of equal lengths, and 
fasten them end to end Connect the extreme ends to a bathe'; of 
three or four Bunsen's cells. The *amc current flows through each, 
but tbe beating effect m each is different Tne platinum, iron, and 
nickel wires will, at different rate', probably become white hot, the 
thin copper wire may prebab’y become red hot, but the thick 
copper wire will be only slightly heated 

Now, every substance offers a certain amount of oppo- 
sition to the passage of electricity through it, and this is 
referred to as the resistance of the substance , tbe exact 
definition of resistance is given m Chapter XI la de- 
creasing order of resistance the substances given may be 
arranged as follows : Platinum, mckel, iron, thin copper, 
thick copper. Hence we may conclude, in a general way, 
that the heal produced depends on the resistance, being 
greater the greater the resistance 

Ezp (3] Connect a piece of platinum wire by copper wires to 
the terminals of a Bunsen's cell and note the heating effect , dis- 
connect. How join the positue and negatne poles of another 
Bunsen’s cell to the positive and negative poles of the first cell, and 
once more connect up the platinum It will be noted that tbe rise 
in temperature of the platinum is much faster than before, showing 
the development of a greater amount of heat 

It will be seen later that joining the two cells as above 
results in a greater current in the wire; hence we may 
conclude that the heat produced depends on the current, 
being greater t he stronger the current 

By taking the temperature of a cell before its poles are 
conn ected, and afterwards when the current is flowing, it 
is readily seen that heat it produced in the inside as well as 
in the outside circuit Further, from the various expen- 
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meats ire may reasonably oonolnde that the heat produced 
depends on the time, being greats* the grader thetme during 
which ike current flow 

The above ex perime nts axe merely of a general charac- 
ter, in Chapter Xm it mil be shown that the following 
are the exact laws relating to the heating effects of a 
current — 


(1) The heed produced is proportioned to the resistance, 
thus, if one ware has twice the resistance of another, twice 
the amount of heat will be produced in it by the some 
current in the same tame 

(2) Thzheat produced t* proportional to the square of the 
cun eat, thus, t£ the current flowing thiougjh a wire be 
doubled, four times the amount of heat will be produced 
in the same time 

(8) The heed produced it proportional to the tme the 
eunent flows 

In symbols H» PBt, where S denotes the heat pro- 
duced, I the current, 22 the resistance, and i the fr me 


We have seen that when not is merely dissolved m sulphuric 
•Old the energy of the ohennoal eoticm goes direct la heat When it 
is dissolved in soell the poles of whioh are joined by a simple oon- 
duotor, the energy is flnt utilised in forcing eleotnaty from the 
low to the high potential, from which pontoon it flows wand the 
on-ii ait, the usjy, however, * «•**«• — — *• *— < — n n 


in the eon- 
circuit 


, . s — ' — — Oil | Jiinmp wviny «v AW 

duo tor end partly m the cell itself Should sue external oircuit 
eoniaui, say, a motor, a certain amount of the energy n utilised in 
meohaiuoer work, bat the bahwot agon, epp^rTa* Serf rn the 
tnnmii 


Ihe whole subjeot of the heating effects of currents u 
more exhaustively dealt with in Chapter Tmr 


M®* Path of Energy In the Circuit of a Voltaic 
veil.— In speaking of the cucuit of a voltaic cell and of 
the current m this circuit, it u convenient to speak as if 
decfcucal actions going on were confined to the con- 
ducting cacurt It will, however, be understood from 
"“‘““ 'm said in discussing the energy m an elec- 
meal field, that the aether medium nmoimdmg the circuit 
a really the vehicle of the electrical eaergyfiberated by 
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chemical action in tho cell If the circuit of the cell is 
not closed the terminals of the coll ate oppositely charged, 
and tubes of force pass, as shown m Fig 297, from one 
terminal to the other, and each tube of force is, as 
explained in Art 97, the seat of a dofinite quantity of 
energy When the circuit is closed these tubes of force 



Fig 297 Fig 298 


travel outwards from the cell as indicated in Fig 298 
As the ends of each tube approach each other along the 
conducting circuit, the energy in the tube decreases by 
transformation into heat in the circuit. The energy from 
the cell thus passes to any point m the circuit through 
the aether, and tho conducting circuit through which the 
current is usually said to pass t« the circuit along which the 
ends of the tubes move , it determines the direction of trans- 
mission of the energy, and is the seat of the transforma- 
tion of this energy into heat The resistance of the 
circuit must from this point of view be associated with 
the rate of dissipation of energy in the circuit, and may 
he defined, as will be seen later, as the ratio of this rate of 
dissipation to the square of the cunent strength In foot 
if the heat, S, be expressed m energy units, IF, it will be 
seen latei that the statement H oc PRt (Art 148) becomes 
W = PRt, and therefore R = W/Pt, is Wjl—P (Art 
255) 

Pointing's Theorem treats in detail the pnnoiples outlined 
above, and shows that the paths along which the energy pa®*® 9 
through the medium into the oirouit are the mterseoti°n s °‘ 
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efootrostatia amt magnetic gqmpotential surfaces la the ease of a 
telegraph cable, for example, the magnetao lues are oiroles about 
the wire, and the magnetic equi potential sarfaees are therefore 
P»mmw passing through the wire the electrostatic lues are radial, 
and (owing to the fall of potential along the wire) the electrostatic 
eqnipotenaal surfaces are frustra of cones . the lues of in terse ction 
of these two surfaces are tin lues along which the electrical energy 
travels bom the medium into the circuit 
The student should note that in practice a current is regarded as 
a flow of “ electricity “ (positive) from the positive to the negative 
pole m the outside oiromt. On the above new the current consists 
af tiie passage of tubes of foroe across the field, the positive ends of 
the tubes moving in one directum along the wire and the negative 
ends in the other directum In a later chapter a ourrent will be 
viewed as a transference of electrons (negative) in the opposite 
direction to that usually regarded as the “ direction of the ourrent” 
The student will understand these view* better, end be able to 
oorrelate them, later 


ISO. Other Effects of a Current. — The effect of an eleatno 
current m stimulating the nerves of a living body belongs rather to 
Physiology than to Physics 

"When elecrtruaty under a high and intermittent pressure is 
passed through a vacuum tube a oorpuscular discharge, known as 
Kathode ray a, pusses in the tube, aim if the tube is suitably ex- 
hausted invisible rays, known as Bihdgen raps, or X tarn, emanate 
from the tube The eleotncaUy caused Gamma ravs/trom radio- 
active bodies, are somewhat similar in their nature to X rays 
When eleo trim ty under e high pressure discharges between two 
spheres, say, m sir, Hertzian mites are set up under certain con* 
<h turns , these ere the waves utilised m wireless telegraphy. Light 
waves are also of an electrical on gin 
i Light waves, Hertzian waves, X rays, and Gamma rays are all 
electrical in origin, and are really different rates of vibratum of the 
aether, light waves are aether vibrations of a higher rate than 
Hertzian waves, but of a lower rate than X rays and Gamma rays 
Kathode rays, on the other hand, are not aether waves, but nega- 
tively charged corpuscles or electrons 
These radiant effects will he discussed in detail u later chapters. 


Exercises Z. 

Section A. 

(1) Explain local actum and polarisation, and show how these are 
avoided in Darnell's cdL 

(2) Give a brief account of some theory put forward to explain 
the action of the simple cell 
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(3) Givo oomomcnt rules (a) to dotormme (ho dircotion in which 
a oompnss is defleatod by a ourront, (6) to ascertain (ho polarity of 
a solenoid carrj mg o current 

(4) Desonbo Leolanohfi’s ooll Why docs its E >LF diminish 
when it is short-oircuitcd t 


Section B. 

(1) You bavo access to tho terminal wires of a hidden bstteiy 
Explain liow you would toll which wiro was connected to the zino 
and whioh to the platinum pole of the liattoryi by olucning what 
happened when tho Hires were connected to tho terminals of a 
voltamotcr containing a solution of sih er nitrate (BE) 

a A \ortical partition of porous earthenuare is fitted into a 
er, and dilute sulphuno aeid is poured into eaah compart- 
ment Bods of common zino and copper are placed respeotirefy in 
tho two compartments and connected by a wire State what will 
bo obsened with regard la tho evolution of gas, and how the oh 
senod phenomena mil ho modified whon copper sulphate solution 
is poured into tho comparbmonb containing tho copporrod (BE) 

(3) An cloctno current (whioh is tho same in all tho parts of the 
trough) flows horizontally in a trough filled with copper sulphate 
A rod of aoppor is then supported horizontally in tho trough, with 
its length parallel to the dircotion m winch the current is flowing 
How w ill the rod bo afiboted by tho current’ (B E ) 

(4) Two long wires are plaocd parallel to eaah other in the same 
honrontal piano and in tho magnetic meridian A magnetic 
needle oapablo of taming m any dircotion about its point of sub 
pension is placed half-way botwcon them How will it bohavo if 
tho same elcatna current flows through tho easterly wire from 
south to north and through tho westerly wire from north to south * 
[The notion of the earth on the magnotfo needle may be negleoted ] 


Section C 


(1) Explain tho meaning of tho term, and the cause of, polonse 
tion of a voltaio ooll Give two instances of the use in cells of a 
depolansor , one being an instonoo of a oell with a eingleeiee 
trolyto, tho other of a ooll with two electrolytes (Inter U oe-j 


(2) An eleotno current is flowing along a wire Yon are gn en a 
pivoted oompass needle, nnd are required to find out by its aia 
wrhiah way tne current is flowing How would you prooeed (a; “ 
the wire m question lies horizontally, (6) if the w ire runs i erhcoliy , 
(e) if the wire is ooiled up in a oiroular ooil or open hank^ 
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PONDAMBHTAL DEFINITIONS, UNITS, AND 
THEORY. 

151. Current Strength, and Quantity. — Consider a 
pipe, AB, through which water is flowing steadily from A 
to B Soma »&«. of the strength of this water current 
may he ob tained from a statement of the quantity of 
water antwring A, leaving 3, or passing any section of the 
pipe in a definite time, say one second; in Bhort, the 
strength of the eta rent may conveniently he defined at 
the rate of flow of water through the p dpe Accepting, 
then, this definition, the Mid quantity flowing poet any 
section in a given time mil obmcml y he obtained "by the 
product af the current etrenqtk and the time tn seconds 
Forth®, when the pipe is quite full, the quantity entering 
A per second must be equal to the quantity leaving B or 
pasting any section of the pipe m that time, however 
uneven the bore may be ; that is, the current strength is 
the same at aU parts of the pipe 
These elementary ideas have their electrical analogies 
“Current strength” is defined as the quantity of 
electricity passing any section of the conductor pec 
second, t e as the rate of flow of electricity in the 
circuit, and the total quantity which posses in a elated 
period ts give n by the product of the current strength and 
the time in seconds , stated algebraically, if I denotes the 
current strength and Q the quantity transferred in t 
seconds, . J = Qft and Q — It Further, the current 
strength it the same at all parts of a simple conductor, but, 
as we have seen, there is a fall of potential m the 
direction iu which the current is flowing 
H AJfD E 81 
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In Art SO the 0 G S i or absolute eleotrostatio unit quantity 
has been defined, and if the quantity Q be measured m these units, 
the ratio Qjt will be the current strength in eleotrostatio units, 
thus (he 0 O 8 electrostatic unit current is that current in which an 
electrostatic unit quantity of electricity w convened across each section 
of the conductor in one second For reasons which will appear later, 
the eleotrostatio units are unsuitable for measurements in current 
eleotnmty, and others, known as u OG8 electromagnetic units” 
(and “practical units ”) are employed 

We have referred to the magnetio effects of a current, 
and in the present branch of our subject a current is 
measured in terms of the intensity of the magnetio field 
produced at a given distance from the conductor carrying 
the current Consider a wire bent into a circle of radius 
r arbitrary units, and carrying a current of strength 1 
arbitrary units , investigation shows that the intensity, F, 
of the field at thB centre of the circle (t e force m dynes 
on unit pole) is — 

(a) directly proportional to the current I, 

(b) directly proportional to the length, 2nr, of the cir- 
cular conducting path , 

(o) inversely proportional to the square of the radius, r, 
or, stated algebraically — 

Foe 3^oo^ll= A M, 

r* r r 

■where A. is a constant depending only on the units 
adopted. 

Now let the unit current be so chosen that with r m 
cm and I m these units the constant A becomes unify m 

the above, so that F— 3mL. t m which case, if I be uiut 

T 

current and r be 1 centimetre, F will be 2v dynes , hence. 
The C.G-.S electromagnetic unit current is that 
which, flowing in a single circular coil of 1 centi- 
metre radius, exerts a force of 2v dynes on a unit 
pole at the centre. * . 

4 gam, since 2w cm is the circumference of a circle or 
radms 1 cm , if we consider the force due to mil length of 
$he coil, we find that it is 1 dyne, hence— 
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The C.G-.S. electromag- The practical unit crus 
netio unit g a r ren t is that rent is the ampere, which 
which, flowing in a wire u ^ of the electromagnetic 
one centimetre long heat unit ; m the case opposite, 
into an are of one centi- the ampere would exert a 
metre radius, exerts a force of 1 dyne on the unit 
force of one dyne on unit pole at the oentre. 
pole, at Idle oentre. 

1 ehobomagnebo aiuronb nmt=SxlO w eleotrostatao oarrent units. 

1 ampere a j,tn amt « 3 x 10* eteotrostafea ™t»- 

Since Q — It, unit current flowing for mufc tame will 
result in the transfer of unit quantity ; hence — 

The 0.0.8. electromag- The practical unit 
netio unit quantity is the quantify is the coulomb; 
quantity conveyed by the the coulomb is the qusa- 
electromagnetio unit our- tity conveyed by mm mb. 
rent m one second. pore in one imemiil, 

1 eleotromsgnBtm quantity nnit 

» 3 X 10 n deotmtebs quantity amts 
1 ocralamb m -fg e m. unit a 8 X 1(P eleotrostotio aauts 


The above are the exact definitions of the electro- 
magnetic units of current strength and quantity and of 
the tr ue ampere end true coulomb, but the fthaminn j 


ei. . m « m wmu UUU WUWIIItim 

effie cts of a current may be utilised to provide conv enient 
working definitions of the various units, a nd this u the 
method adopted by the Standards Committee of the Board 
of Trade m its legal definition of the ampere and coulomb 
Thins consider a copper sulphate voltameter (Art 147) 

With COmVBP ftlflAtTAniMt i M TvoemtiM a mum. ■■■■I « 


wiai copper el^trodes' on passing a current copper & 

d S^ 1 , , on ka&ode, and careful experiment has 
established the facts — ^ 

(a) That one ampere in one second deposits 0008298 
gramme of copper , 

W That the chemical action is pm p n r i j rm^ i «,* 
current strength j 

tha* ^' ■ the^ Chemical action is proportional to the frma 
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Thus from ( a ) above we have the following convenient 
definition of what is referred to ns the international 
ampere, vi? — The international ampere is that 
steady current which, flowing through a solution of 
copper sulphate, deposits *0003293 gramme of 
copper on the kathode in ono second. 

The Standards Committee recommends the use of silver 
nitrate as the electrolyte, and the legal definition of the 
international ampere is — The international ampere is 
that unvarying current which, when passed through 
a solution of nitrate of silver in water, deposits silver 
at the rate of 001118 of a gramme per second. 

The international ampere was, of course, intended to be 
a practical realisation of the true ampere of 1/10 absolute 
unit, but to bo exact it is jn*t a verj little hf* than the 
true ampere (about 025 per cent ) For experimental 
and calculation purposes this alight difference may be 
ignored and tho true ampere taken as depositing *00illS 
gramme of silver per second, or 0003293 gramme of 
copper per second, and the electromagnetic unit current as 
depositing 01118 gramme of silver per second or 0032°3 
gramme of copper per second from the respective solutions 

Again, since unit current flowing for unit time gives the 
transfer of unit quantity, the international coulomb is 
that quantity which liberates 0003293 gramme of 
copper from a solution of copper sulphate and 
*0011X8 gramme of silver from a solution of silver 
nitrate. Further, neglecting the slight difference men- 
tioned above, the true coulomb may, for calculat'ou pur- 
poses, be taken as liberating 001118 gramme of stiver or 
0003293 gramme of copper, and the electromagnetic unit 
quantity as liberating 01118 gramme of silver or 003— o 
gramme of copper from the respective solutions 


Another quantity unit, the “ ampere hour, ' is cmpIovedL An 
ampere-hour as the quantity conveyed by * current or cue 
ampere flowing for one hour (1 ampere-hour = SGOO conlanw? 

It will bo seen later that the existence of » natural umtef 
(negative) electneitv— the electron— has been eleirlv ostaolwnca , 
quantities smaller than this cannot be obtained Tins natural nni 
quantity or " ntom ” of electricity is cqnal to 4 65 x 10“ electro- 
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■tstu quantity amts, or 1 55 x I0“” electromagnetic quantity 
amts, or 1*55 x 10“ 11 coulombs 


Prom the preceding it folio wh that if a current of I am- 
peres Sows through a solution of copper sulphate for i 
MMmfla, and if to grammes of copper be deposited on the 
kathode. 

10 = 0008203 x lx t, 


. T — - “ 

” ottosajTxT 

an expression from which, knowing is m grammes and t in 
seconds, an unknown ounent of I amperes may be deter- 
mined 

The amount of an ion liberated in electrolysis by umt 
ament in unit time, ze by unit quantity, is called the 
“ decU o-dhemical equivalent " of the to*, thus 008293 
and 0008293 are the absolute (or 0 & S ) and ampere 
electro-chemical equivalents of copper respectively. Hence, 
if e denotes the dsotao-chanucal equivalent of an ion, the 
formulae pieviously given may be put m the general forms 

(1) io = *B, (2) isszsQ, (8) (4)0 = f- 


169. Preliminary Vote on Units of Energy and 
Power. — We have frequently referred to the dyne as the 
O.G-8 or absolute umt of force, and to the erg as the 
OQ-S or absolute unit of work or energy The erg, 
being small, a larger unit of energy, known as the joule, is 
often employed , it is equal to 10^000,000, t e 10 T ergs 
Powef is defined as " rate of working,” i e it is measmed 
by the work done in unit time The G.G- S. or absolute 
umt of power is one erg per second, but the larger unit, one 
joule per second, is often em plo yed , it is known as the 
watt It is shown in Chapter XXI that the relation between 
the watt and the British gravitational power unit, viz the 
tone-power, is that the horse-power is equal to 746 watte 
Stall laager unite of energy, viz the watt-hour (8600 joules ; 
- or 3600 x 1CP ergs) and the kilowatt-hour (1000 watt- j 
hours), and a stall larger unit of power, viz the kilowatt i 
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(1000 watts s= 1000 joules per secoud), ate also employed 
in eleotneal work 

These various units of energy and power are defined 
from an electrical standpoint in Art 156. 

153. Potential Difference (P.D.) and Electro- 
motive Porce (E.JH.F.). Irreversible and Beversible 
Energy Transformations.— In Chapters V and YJ po- 
tential has been defined as that olectncal condition which 
determines the direction in which electricity will flow, and 
it has been shown that the FDm electrostatic units between 
two points is represented numerically bj the work done m 
ergs in the transference of tho electrostatic unit quantity 
from one point to tho other Similar reasoning applies to 
the present branch of the subject As a simple illustration 
consider two points A and B m a simple wire through 
which a current is flowing m the direction A to B, and m 
which, therefore, A is at tho higher potential The con- 
ductor AB is heated, and by the law of conservation of 
energy this heat must have been pioduced at the expense 
of an equivalent amount of energy which has disappeared 
from the electric circuit , we have in short an energy trans- 
formation between the two points, electric energy being 
transformed into heat energy 

Imagine, now, that the electromagnetic unit quantity 
(ie 10 coulombs) passes from A to B and that w ergs is 
the energy which, in (his case, is subtracted from the electric 
circuit ana appears as heat , the P.D between the two points 
is to electromagnetic units of potential If the unit quan- 
tity is forced from a low to a high potential work must be 
done on it, and energy is added to the electric circuit, bat 
in either case the P D vn electromagnetic units between 
the two points is represented numerically by the amount 
of energy transformed t n ergs when the electromagnetic 
unit quantity passes between the two points, and therefore 
if* the energy transformed be one erg the PD is one 
OQ-S electromagnetic runt of potential 

The practical unit is the volt, which is equal to 10 s elec- 
tromagnetic units. Olearly if the P D. be one volt the 
energy transformed will be 10’ ergs when the electro- 
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uagnstao unit quantity paisa, and therefore jW of 10*, 
ts IV ergs or om jctik, when one coulomb passes- 
Hence — 


The P.D. between two The practical unit is 
points is one C.8JS, elee- the volt. The PJD. be- 
tromagnetw unit if the tween two points is one 
energy transformed is whit if the energy tirsns- 
one erg when the elec- formed is one joule when 
tromagnetio unit quan- one oonlomb of eleotri- 
tity passes city passes. 

1 dectaraugnrtw unit = , staltwsbbo unit 

1 odt m 10 s s a ants » 1/300 olsofeortetw mat 

The international volt (which u put a htOe bigger 
than the above true volt of 10* em mute) u defined in 
Ait 154 

The P D betvwm two points is, m practical work, some- 
times called the " pressure " and sometimes the “voltage” 

il. i . _ ° 


Another term m frequent use is " electromotive force, " 
referred to m Art 148 To illustrate rts meaning farther, 
consider a battery on open eiretni, Le. with the outside 
oucnrt disconnected ; lm&gme an electrostatic voltmeter 
l?med to its termmnls and that the reading is 60 volts , 
thu meaaures.the total pressure it is capable of developing 
and tbs total pressure yuan bytk ePD.atite terminate 
JMP 8 * «««*»< u the electromotive force (BMP) of the 
, battay. If the outside circuit he now switched on, the 
voltmeter reading will fall by an amount depending on 
<®MJMtaMes; imagine the reading is now 47vdta-this 
OMraeitlM terminal PD under present conditions, to 
the volta used m driving the current through the extend 
^\ ^ 8 ° ti ” r ^ aee hemg used m driving the 
ranmt trough the witsnwJ circuit, i s through the bat- 

5*5 battery £ the total 

bytheS D a ® T8lo P i,l S is measured 

WhlT at its 1 t T ailia ? il 0tt °P« a sbmdt, 

When the current flows the terminal P.D mav be m 

thing according to cmumstanees, but it u dmj leu Si 



38 FDNDAMTNTAL DEFlNtTIONB, 1TNIT8, AND THFORV. 

the E M F To express the facts algebraically, if E volts 
bo the E M P , c volts Iho terminal F D when the outside 
circuit is dosed, and V the volts used in driving the 
currant through tbo battery itself, 

E = e+V, . c = E -7 and V-E-e, 
as was stated m Art 143 

All those points in connection w itli the working of a cell (or bat- 
toiy) may probably bo more easily understood "by considering the 
following Hydrostatic analogy Lob ABGD (Fig 2 39) represent a 



oiremt of pipes filled with water and liaving n stop oook at T and a 
email padalo wheel at IF By rotating the paddle wheel the water 
ean, when T is open, be driven round tho oirouit in the direotion 
ODAB , bub if T is olosed, then no current can be produoed, but 
tho water is dmen into the tube DA nntil tbo pressure duo to the 
difference of lei el in the tubes DA and OB is sulfioient to balnnoo 
the force exerted by tbo dm ing wheel at IF Tho left-hand draw- 
ing in Fig 200 indicates tins case, and tho difference of level (E) is 
a measure of tho driving force of the paddle w hecL When, how- 
ever, the oook T is opened and a current established m the oirouit, 
the levels in the tubes DA and OB obnngo m the way shown in the 
nght-hand drawing of the fignro, and me difference of leiel in the 
vertical tubes is now considerably reduced The work done by the 
paddle-wheel is now spont in driving tho current of water round 
tho oiremt, and the difference of tna levels at A and B (e) is a 
measure of that portion of the driving force of the wheel whioh is 
spent in driving the ourrenb through the tubo AB 
Now this hydrostatic arrangement roughly illustrates the nation 
of a voltaio oell— the pressure exerted by the paddle wheel at IF 
corresponds to the cleotromotive forco of the cell , and if AB rep 
sent the external portion of the oirouit, the difference of lei els at 
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A and B repre se nts the difference of potential at the poles of the 
cell Hence we see that when the circuit is open and no onrrent 
flows, the potential difference at the poles is a measure of the elec- 
tromotive force of the cell , but when the ouemtu dosed, it n only 
a measure of that portion of the electromotive force which is spent 
m driving the current through the external portion of the circuit 


The preceding explains what for practical pitiposee maj 
be taken as the distinction between PD and EMP , 
the latter term should be used whan referring to the total 
pressuie developed, which total pressure w given by the P.D. 
between the terminals on open circuit, Die former when re- 
fining to the pleasure between two points of the oircuit. 
The true distinction, however, between PD and. EM? 
will be gathered from the following considerations relating 
to reversible and irreversible energy transformations. 

We have seen that when a onrrent flows along a simple 
conductor an energy transformation takes place, energy 
being subtracted ham the eleefcno circuit and appearing as 
heat If the same current Sowb for the same tuna in the 


opposite direction the same energy transformation takes 
place and the same amount aS heat u produced Such an 
energy transformation is therefore said to be irreversible. 
It should be noted that in both cases energy is removed 
from the electric crrmnt and m both cases there ts a fall of 
potential in the direction tn which the current ts passing. 

Consider now a Darnell's call giving a currant In the 
odl this current flows from sine to copper, ono passes from 
tiie rino plate into solution and coppei is deposited on the 
copper plate from the solution. The dissolving of the 
nne liberates more energy than is required to deposit the 
copper, the surplus energy being added to the electric cir- 
cuit, and there is a rise <jf potential in the directum in which 
the current is passing, io the copper is at a higher potential 
than the zmc. Mow imagine that another generator sends 
a current through this cellfrom copper to nne The actions 
will be reversed, copper being dissolved from the copper 
plate and uno being deposited on the zmc plate The dis- 
solving of the copper liberates less energy thaw « required 
to deposit the sme, the deficit being subtracted from the 
deotnc circuit and there u a fM of potential tn the directum 
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vn which the current is passing In tins example tlio action 
of ono currout is oxnclly reverted by an equal opposite cur- 
rant and tlio energy transformation is said to be rever- 
sible. Now — 

(а) Wiicnover a potential difToronco exists between two points m 
a circuit an energy transformation ocours between them 

(б) If tht energy transformation is completely reversible the potential 
difference is spot cn of as an electromotive force The IS M F is direct 
if energy is added to tho olcotno circuit, and it is imerao or tael if 
encigy 18 subtracted from tlio circuit Thus tho BMP of a cell is 
really measured by the onorgy it provides in reversible processes 
when unit quantity passes, ana a baok K M F is measured by tho 
work dono reversibly at tho oxponso of the energy of the cirauit 
when unit quantity passes. Tho algobraia sum of tho diroot 
EMF'i ana baok E M F 's is tbo resultant pressure, more often 
spoken of ns tho reanlta&t 33 M F. 

(c) If the energy transformation is completely irreversible vet sptal 
of the potential difference bet tee cp the too points , if partly reversible 
and partly lrroacrsiblo wo also speak of tho potential chflerence 
between tho two points 

Of course two points may bo at tho tame potential, jot E M F ’s 
may exist in the paths botwcon them Thus, if A and B bo tho 
poles of a battery of, say, two similar colls in senes, Ctho mid point 
of tbo battery and JO tho mid-point of the connecting wire, then 0 
and D aro at tho same potential but there is an EMF m CAB 
and in OBD, and a F I) botw ocn A and D and between B and D 
Praotically wo may say in gcnaral that if a ourrent is flowing from 
X to Y there is an energy transformation, the F D being eqnnl to 
the energy so transformed per unit quantity Any bad E Ax F in 
XY equals energy reversibly transformed per unit quantity and if 
this be negative (i e other forms reversibly transformed to current 
energy ) it eqnals direct EMF 

154. Resistance and Condactaace. — The resistance 
of a body may be defined in a general way as that property 
of it which opposes (he flow of electricity, but more precise 
definitions are as follows 

Consider first a simple conductor, say a wire, through 
which a current is passing, and in which, therefore, we 
have the irreversible process, the production of heat 
Experiment (and theory) shows that the heat, in energy 
units, is proportional to the square of the current ana the 
fame, audit depends also on the material, dimensions, etc , 
of the conductor In symbols — 
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WatPt = BPt, 


where TF is the heat eneigv, I the current, t the time m 
seconds, end £ is & factor depeading on the material, etc , 
and known as its resistance HI and t be each unify, 
IFssjB, hence — 


The resistance ofawvre (temperature vnifomC) it repie - 
mted numerically by the heal, tn energy unite, developed 
in one second when mat current passes, or, more general — 
The resistance of any conductor is i epresented numerically 
oy the heat, m energy units, developed tn one second by 
tewveMdEMa processes teAsn unit current passes 

2 W, I, and t be each unify, IS is unify , hence — 


The resistance of a con- 
ductor is one 0 0.8. tflao- 
tro magnetic unit if ft* 
heat produced per second 
by irreversible processes 
when the electromagnet- 
ic unit current passes is 
one erg. 


The practical unit is 
tiie ohm. The resistance 
of a conductor is one ohm 
if the heat produced per 
second by irreversible 
processes when one am- 
pere passes is one Joule. 


m the ohm 10* ergs 

the dun in abadnto amts 


Smee a cmrrent of 1 

oHuntper seoond, if B be the value 
W » 4l/10) a «ttJf = 10», , a 

1 ohm s 10* deotromsgnetio units. 

Another d ef ini t ion of resistance is impoitant Again 
a timple wne with a steady PD between two 
PonrtB A and B, a certain Bteady currant will be flowing 
lithe PD be altered in magnitude the strength of the 
current will also be changed, but experimentally it can be 
proved that if fie temperature of the w Ire he heat constant 
tm nrfio of the P J) to (he current is constant ; this constant 
2 hm" " " resistance" of (he part AB of (he wire; stated 


Potential difference .... .... 

Ou u fri it 85 ^ a reactance, 


if 

7 


w 
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wbeie E is the P.D , I the current, and JR the resistance 
This formula, is also true for a complete circuit, in which 
B is the resistance of the circuit, I the cunent, and E the 
resultant E.BLP., i e the algebraic sum of direct 
BMP's and back EMP's 

If E and I be each unity, E is unity, hence — 

A conductor has a re- A conductor has a re- 
sistance of one C.G-.S. matance of one (true) ohm 
electromagnetic unit if a if a P.D. of one (true) 
P.D. of one electromag- volt applied to its ends 
netic unit applied to its causes a current of one 
ends causes a current of (true) ampere to flow 
one electromagnetic unit through it. 
to flow through it. 


1 ohm - 1 _ 10* om units 

” I ampere 1/10 e m unit 


= 10* e m units 


The international "h™, which was intended to he a 
practical realisation of the above true ohm of 10* em 
units (but which is really jvst a little bigger) is defined by 
the Standards Committee as follows — The international 


ohm is the resistance of a column of mercury 3.06 3 
om long, 1 sq. mm, in crosB-Bection (mass 14 - 4621 
grm ) at the temperature of melting ice (See Arts 
299,300) 

Conductance is the reciprocal of resistance thus a wiro of 
resistance tt has a conductance 1/fl, The praotioal unit is the 
mho, whioh ib the conductance oi a body of resistance one ohm 

From the relation Ell = B it follow s that if two of these he 
unity the third as unity , hence (1) the true volt w ihe nu 
whioh must exist at the ends of (say) a wire of resistance one true 
ohm, in Older that the current passing may he one true ampere , 
(2) tie international volt is the 3? D which must east w 
the ends of (say) a wire of resistance one international 
ohm in order that the ourrent may he one international 
ampere The true and international amperes and the true anu 
international ohms may he similarly defined 


165 Ohm’s Daw.— This lmpoifcant law has already 
been given in dealing with the second definition of resist- 
ance (Art 164) , taking first the case of a simple con- 
ductor, it may he briefly stated as follows — 
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If the temperature of a conductor he kept constant 
the ratio of the steady direct PJ>. applied to its ends 
to the steady direct current flowing through it is 
constant ; this constant measuies the resistance of the 
conductor, hence 

= a constant = resistance, 

Current 


10. 


4 as R, \ E = ZjE and 1= 
I 


With regard to mute, if Em the last expression be in volts and 
It in ohms, then I will be in amparee , whilst if E and if be in 
eleotromagnstio muta I will be m eleotromagnatio units, and so 
with the other expressions 

To take the more general case, let E denote the re- 
sultant S. V P. in a on cuit (i e the algebraic sum of the 
direct E II P’s and back B HP’s), I the current, and JB 
the total resistance. The net energy provided by the 
revertible wroaessa is EQ, l e Eli, where Q is the quantity 
transferred in time t (Alta 151, 153) The energy repre- 
sented by the irreversible heat production is PBt , hence 

EB = PEt, 

to E=IB, % — B, and I = -^L 

I JtC 

We can thus apply the above results to the whole or 



part of an dectrio circuit. Taking, for example, Fig 299a, 
let E volts be the E.M.F , i e. the driving inHn>|i^ for the 
whole circuit, e volts the terminal P D which is utilised 
in driving the cuuent through the external circuit of 
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resistance B ohms, and V the volts used m driving the 
current through the internal circuit of resistance r ohms, 
j_ EMF _ E 
x ~~ Total resistance ~ r+ E’ 
j_ Terminal P D _ e_ 

Ex t rnal resistance “ S' 
j_ Internal fall of potential _ V _E—e 
~~ Internal resistance r" r 


156 Units of Electrioal Energy and Power. — The 
absolute unit of energy is the erg, which (Art 153) may 
be defined as the work done (or energy transfoimed) be- 
tween two points of a conductor when the P D between the 
points is one electromagnetic unit and the electromagnetic 
unit quantity passes It the P D be if e m units and one 
om unit quantity passes the work done will be if ergs, if Q 
e m units pass the work will be EQ ergs, and if the Qem 
units be transferred by a current Jem units m t seconds 
Q is equal to It ana the energy transformation is Elt 
ergs ; hence, employing eleotromagnetio units— 

Energy m ergs = Elt — PBt — ^t . . (1) 

a 

t being the tune in seconds 

If the P D. he one volt (10 s e m units) and one conlomb 
(1/10 em unit) passes the energy transformation is 
dearly 10 7 ergs , this is taken as the practical unit of 
electrical energy and is called a joule ; hence a joule is the 
work done (or energy transformed ) between two points of a 
conductor when thePD between the points ts one volt and 
one coulomb of electricity passes Clearly also, if we em- 
ploy practical units — volts, amperes, ohms — 

' jen 

Energy in joules = Elt — PBt = -g # (2) 

t being the time tn seconds 

By (2), if the P D be one rolt, the current one ampere, 
and the tame one hour, the energy transformation will be 
8,600 joules , this is another practical energy unit, called a 
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watt-hour j hence a watt-how is the work done (or energy 
transfoi med) between, two points of a conductor when the 
PD between the points in one volt and one ampwejtowsfor 
one how Clearly if we employ practical units— 

Energy m watt-hours = ETT =PJ£T as ^-T (3) 

A 

3? bang the tone in hours 

A. bUI larger practical energy unit u the Idlowatt-honr, 
kelvia, or Board of Trade unit} it is equal to 1,000 
watt-hours 

Power u "rate of domg work,” and the absolute tout » 
one erg per second ; it maybe defined as the power in a 
circuit when the PD u one eM unit and the em unit 
aurentupamng Puttmgf equal to unity in (1) above 
and using electromagnetic unite, we obtain the three 
expressions far the power in absolute units. 

Eflfenmg to (2) above, if E and I be each unity the 
rate of work is one joule per second ; this is adopted aa 
the practical unit of electrical power, and is called a watt j 
hence a watt w the powes in a circuit when the P D. u one 
volt and one ampere u passing; it u equal to W ergs per 
second or 1/746 horsepower Putting t equal to unity m 
(2) and using practical units, * 7 

Power m watts = El = PR = ~ .. (4) 

A stall larger practical unit of power is the kilowatt, 
winch is equal to 1,000 watts 

The reader should note that the watt and kilowatt are 
units of power, the watt-hour and kdowatt-hour mots of 
work or energy 


167. Conductors in Series aad in Parallel.— -If 
wveral resistances, r, r, r, . , 
be arranged in senes (Pig 800) 
the total resistance £ is dearly 
tbeir stun, ie £ at r, + r t + r. 


,ftg 800 


Oousider now a number of resistances (say three) 
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joined in parallel (Tig 301), and let E denote the P D 
between A and B Then 


E 


Cnrrent in r, = — , Current in r, = Current in r, = — , 

r i ** r s 

Total current = — + — -f ~ 

r i r * r t 

Let B denote the joint resistance of r,, r s , r, ; then 
Total current = 


E 



Fig SOL 


■“ r l r t r 3 

*. i = — +-+- 

B r. r. r. 


(1) 


If the resistances are each equal to r, this becomes 

R-- r v 

and, similarly, the joint resistance of n equal resistances m 

paraUd u — of the resistance of one of them 
■n 

In the case of two resistances in parallel 

i =JL + JL=!i+A jb=J&- ( 2 ) 

B r, r a rr, r, -r r. 

i e the joint resistance is the product of the resistances 
divided by the sum of the resistances 
“Whilst the current is the same at all parts of a simple 
(senes) circuit, however the parts differ m resistance, in a 
parallel arrangement the current divides directly as the 
conductance*, and therefore mversdy as the resistances, 
thus, hiking the wires a and b of Pig 801 — 

JE? 

Current m a _ r. 

Current m b ~ E 


r, _ Resistance of b 
r, _ Resistance of a 
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Sample. Thru mru A, B, 0 tf 2, 4, and 6 ohm* resistance 
r esputndy art arranged m parallel, and the total current passing u 
SSamperu Find the joint resistance and the current tn each wire. 
If£. joint resistance — 


1 

I 

Again— 


1 a * a * ■ 

■f + I + 7' 


0 + 8 + 2 
■— s— ■ 


11 

S’ 


B = = l^t ohms. 


Current m A =» ^ of 22 ampere* = 18 amperes 

» ii M 8 ® II 

•> 0«&of22 „ = 4 „ 


168. Laws of Berietaaoe.— -Experimental verifica- 
tiona oE the p rincipal Imre which follow on dealt with m 
Chapter XVL 

(1) The resistance of a conductor it directly proportional 
to its length and inversely proportional to ite area of cross- 
tection The latter part of this statement is important, 
thus, if one wire has twice the cross- section of another of 
(he same material and length, the fo 1n V one will have h«3f 
the resistance of the thin (me 

(2) The lem'imcecf a conductor depends onthe material. 
Than a piece of platinum of given dnn«nn\«n hqi» 6 022 
tunes the resistance of a piece of silver of the same dimen- 
sions. 

(S) The resistance of a substance depends on its mole- 
cular condition, density, purity, hardness, etc A. decrease 
in the density of oopper nas been shown to resnlt in in- 
creased resistance. Wues subjected to meehawieal strain 
have been found to increase in resistance In general the 
resi s tance of an alloy is much greater than that of the sub- 
stances forming it An-naatmg diminishes the resistance 
of metals The resi s tan c e of a rod of bismuth is oonsider- 
ebly affected by a magnetic field, especially if the latter be 
transverse to the rod , thus in an experiment due to Hen- 
f?'Tson the resistance of bismnth waa increased 3 34 tames 
under a field of 88,900 0 G\S units This effect on bis- 
muth is utilised for the measurement of ma gnotin 
Sdenitm decreases in resistance when exposed to light 
The resistance of faQiinwia and carton is also affected by 
light 


h ANDE 


28 
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(4) The resistance of a substance depends on its tempera- 
ture The following ore the mam facts — 

(a) Metals —These increase in resistance when heated, andde 
crease when the temperature is Ion ered. If R, denote the resist- 
ance of a wire at f 0 and R , its resistance at 0°0 , 

R,= R,(1 +*t + pt*)> 

where a and /S are constants for the some wire, bat slightly different 
for different materials For calculations the Bimpler relation 
E,aB,(l + at) 

may be employed j a is known as the temperature coefficient, and 
may be denned as (he increase in unu resistance par unit nee in 
temperature (0* 0. to 1" 0 ) In the case of pure metals a may he 
taken as equal to 0038 , for meronry its value is 00076 nearly 
It haB long been surmised that at the absolutezero of temperature 

t 273 7* C ) the resistance of all metals would be ml, this being 
ed ou the assumption that the laws of variation of resistance 
continued to hold at very low temperatures Dewar, however, 
found that at - 250* C the decrease in the resistance of platinum 
on oooling was not so marled as at - 200° O , and Dr Samson's 
experiments appeared to show that at - 253“ O the resistance of 
iron teas somewhat greater than at - 101° C On theotherhand, in 
some recent expenmenta, Kamerlingh Onnes finds that at the tom 
perature of liquid helium the resistance of oartam pure metals is 
less than one-thousand-millionth of the values at 0 O , which u 
considerably less than if it fell in proportion to the absolute tem 
perature 

(6) Alloys — M ost alloys increase in resistance with temperature, 
but not to the extent that pure metals do Mangmm increases in 
resmtsnae from 0*0 to 36° 0 , after whioh its temperature coefficient 
becomes negative, but the variation is so small that it may boneg 
looted. German stiver has a temperature coefficient of about 
tel that of pure metals, whilst for Platinoid the coefficient is only 
one half of this, vis 00022 Platinum silver, Resista, and Mreta 
are other alloys with low temperature coefficients 
(e) Carbon, Busotbolyth, and Insclmorb.— These demeasa “ 
resistance when heated The cold resistance of a carbon foment 
lamp is from I 6 to 2 4 times the hot resistance under full volto^. 


Blivro nu cn v 

of the order 2*4 per cent lor a nse in i 
temperature is 18* O (Chapter XIV ) 

The first two laws given above may be expressed by 


the equation 


J2ss5— 

a 


iii «t ■ is • 


( 1 ) 
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where S is the resistance of the conductor, I its length, a 
its cross-sectional area, and 3 a factor depending on the 
material and known as its speoUto resistance or resis- 
tivity i the lecipiocal of S, vu 1/8, is inferred to as the 
specific conductivity If I be one centimetre and a ’one 
square centimetre, B is equal to 8 , hence the specific te- 
ndance of any material w the resistance cf apiece of it one 
centimetre in length and one mure centimetre in cross- 
section, ie the resistance of a cube qf one centimetre side/ 
frequently 8 is expressed in terms of the “ inch cube " 

Consider two wires of mranlar notion Lot Jl&lfo apply with 
their usosl meaning to the first wire end JZJS&a* to the eeeand; 
1st dt be the diameter of the flat end d. the dimeter of the aooond 
(o * -rr 1 >= 7854<2^} ; then 



The aross seatum ii samebmee given in terms of the mass and 
density (man per unit volume) of toe oondnotor. H w be the mass 
and p tho density, thavnlmneo! the wire is wfp, bat the volume is 
a x phenes 

al = jtD dt»^ (8) 

and subatrtutmg m (1) — 

R = Sf? (4) 

<» 

Again, extending (3) to (fi). 



and if the wires boot tbs seme material and density 

lt a $ x 5i (fl) 

All these results ero useful for celoolntaon p u r po ses 

169. Xnsnlation Resistance of a Cable, — Let 1 be 
the length of the cable, 8 the specific resistance of the di- 
electric or insulating covering, and r, and r } the external 
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and internal i.ultt of tlio insulation (Fig 002) , let 0 be n 
In.) or of insulation of infinitcl} small thickness dr and 
rndins r For the reiibhuco of this lajer, hi) <r, nc 
bare 


«r 



and for the total insulation resistance R 


"“FTJ 7' ~ 2=1 


,c/e=| r i°,,a 


= 366 x ¥ x log,, 5 
1 T \ 


Tnlnnp two cnlilcs of lengths ?, and 1 2 insulated with tlie 
snmo material and haring the Barno values 
of r. and r„ 

S 3 V 

to the insulation resistances are mi erstbj 
at their lengths , thus, if tho insulation 
resistanco of a cable is 600 megohms per 
Fie 102 mile, half a mile will havo an insulation 
resistance of 1,200 megohms Further it 
should be noted that if tuo cables bo joined end to end 
tho conductor resistances are in series, but the insulation 
resistances are in parallel 



160, Grouping Similar Cells 

(1) Semes Gaouriha (Fig 803)— In tins group- 
ing tho negative pole of one coll is joined to the po?™ 7 ® 
pole of the norfc If there are « cells each of E M F £ 
and resistance j, tho combined E MF is tiff and the total 
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internal lesistanoe nr , hence, if / be the current and B the 
external resistance, 


1 = 


nB 

r+s 




Fig. SOS 


Extreme, Casts —(a) If the 
external resistance be very 
large compared with the in- 
ternal, the latter mar be neg- 
leoted and / m nB/fi , thu 
is n fames the current that 

one cell would give (6) If the external resistance be very small 
compared with the internal, the former msy be neglected and 
I =SJr , this ia the oumut whiohone cell alone uonld give Thus 
assnssgmtpmg leads i ttdf to a large external resistance 

(2) Parallel Grottpihg 
(Fig 804) — In this group- 
ing all the high potential 
platea are connected, forming, 
aa it wme, one large plate, 
and similarly all the low po- 
tential plates are connected 
Since the BMP. does not 
depend on the axe of the 
plates the combined BMP. 
u amply that of one cell, 
TIC JS. The total iiifarnni 
resistance is, however, 1/n 
that of one cell, vu r/n, and 
the external current J ia 
given by 

E 

n + B 

lends itself to a i°» external rmStS^ ^ s ^ WV 

&OSJSZ" <** a. M. 
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(») EMP of each low = 42? 

Besistance of each row = 4r 
(b) E M F. of 8 rows in parallel = 42?. 

^ e81B ^ 0Jlce ® row 8 111 parallel = ~ 
4iJB 


W Hence 
Fig 80S 


1 = 


4r 

8 


+ B 


rent is given by 


If tnere aie n cells in series per row 
and m towb in parallel, the external cur- 


1 = 


n2? 


nr 

m 


+ R 


(4) Gboukng fob Maximum Cubbbnt —D ividing 
numerator and denominator of (8) by n, we have 

1= 

r + £ 
in n 

The numerator is constant, hence I will be a mn-Timma 
when the denominator is least But the ln tw k the sum 
of two terms whose product is constant, and therefore will 
be least when the terms are egusl , hence I will be a maxi- 
mum if 

^ = 1-, ieifB = «r 

n m m 

Thus to secure the greatest current the resistance of the 
battery (nr/m) must be made as near as possible equal to the 

/ T>\ 


From the relation — = B we get 


m 


n’r = nmB s= pB, where p = total number of cells, 
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Hence the maximum current given bv p cells (each of 
BJO 1 Hand resistance*-) to an eiternri resistance JR is 

nE nE 

Maxmnun current s — -jr* 

™+B 23 

4vi 

Example*. (1) Fend tit arrangement for maximum current tn the 
cm qftot cells each gf resistance i ofunt, the external resistance bang 
6 ohms 

nm = 24, ■.!!» = 24/n. 

Now — =s M or nr = »B, i e to = 6m, 
in 

_ 0w 6 x 24 _ „ « 

n ss «— a — ; — i i e a* * oo or n b d 
4 4s 

The arrangement required u therefore 8 oellii in eenes per row 
and 4 row* m parellaL 

(2) Find the minimum number of ails each cJB M.F = Band 
naabmee =s r witch unit supply v> vails to an akemal resistance B 
The current meat be the gnstaet whuh the required number (p) 
uteaUaeaaprodnM. If I M tin* maximum current, 

•• 

T*-r -«-¥ 

161. ESnchhoff’s Town . — The joint Tworfanee and the 
currents in the various branches of a divided circuit can 
readily be found by the methods of Art 167, provided 
there are no cross connections such as are indicated in 
Big 807 In this and other more complex arrangements 
applications of XlrdhhofE’s Laws enable the solutions to 
be obtained. 

KirchhofFe two laws are as follows* — (1) In any net- 
werl of mrst carrying currents the algebraic nm of the 
currents meeting at mg point is ten. (2) In any closed 
path (or mesh) tn a network the sum of the JBMJffe acting 


But 

Henoe 



Fig 306 
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t n that path is equal to the sum of the products of the 
resistances of, and currents in, the various parts of the 
path 

The first law presents no difficulty , thus, to take a 
simple case (Fig 306), it ib clear that 
I = Z, + Jj 4- 1» and therefore 

I — Zj —I, - /, = 0 

Current flowing to the point A is given the 
positive sign, and current flowing from A 
the negative Bign in writing down the 
algebraic sum 

The second law will be un- 
derstood from the details on 
the divided circuit shown in 
Fig 307, where the letters P, Q, 

22, S, Q, B denote resistances 
Taking the mesh (a) the second 
law states that 

2 = IB + (I-I I )Q 

+ (I-I,+IJB (1) 
for the mesh ( b ) — 

0 = IfP + I t Q — (J— I X )Q 

and for the mesh (c) — 

0 s (I, -IJS -(!-!,+ 1,122-1,0 (3) 

In each mesh clockwise currents are taken as positive, 
and counter-clockwise ones as negative , thus in mesh (») 
J — Jj is counter-clockwise, and the same applies to J, ana 
I — Z, + 1, for the mesh (c) 

The truth of the above is obvious, thus, taking the 
mesh (6), P D between A and D = Z,P, P D between V 
and C = Z 1 (?, so that the P D between A and Urn 
IjP -f If}, but the P D between A and 0 is (Z— ZJtA 
so that 

I X P + I t G =(I-IdQ,i* Z,P + Ifi — (Z — Z,)« = 0 
By solving equations (I), (2), and (8) the currents 
m the various branches are determined The general 
app lica tion of the method to complicated networks is, 



( 2 ) 
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however, troublesome, and Maxwell suggested the “ cyclic 
current" device to simplify the solution In each mesh 
a cyclic current of specified value is imagined to flow, all 
the cyclic currents bemgm the same direction, the current 
m any branch will thus be the difference between the 
cyclic currents of the meshes it separates The method 
will be best understood from the following — 


Example. Fovr jwmSe, A, B, 0, A ore connected together at 
foliates —A to B, B to 0, 0 to D, D to A, each by a wirtqfl ohm 
ruutmee, A to 0, B to D, took by 
a ceU qf \ volt E M F and 2 ohsu 
resistance. Determine Oie current flow- 
ing through each qf the edit 
The dlooknue ayolio onrrenta an 
x,y,a ad* (Fig 3 08) 

Applying Kmhhoff a Law 2 to the 
bottom oompartment— 

!* + (*-l) + (*-jf]al 
i« 4x-y- i= 1 (1) 

Similarly for the compartment oa 
thonght— 

P + (y - x) + 2(y - x) «■ 1 



'«• -*+4y-fe=l ff) 

and for the remaining oompartment — 


Fig 808 


t + 2(*-y) + (* -*)=-l 

»«• -*-2y + 4x«-l (8) 

(3) the E M.F. la given the negative sign, since its direction is 
teenier docLmte m that oompartment 
Eliminating x from (2) and (3) y - x = | (4) 

„ * from (2) and (1) Cy-St-f . (0) 

„ y from (4) and (0) * = 0 

Hence from (4) y = $, and tram (1) * = J 
.*. Current m cell P •» * as J, 

>, >1 Q rny -am I 

Current m AB = y = J ; current m BC = y — x = 0 
Current in DO — x -*«■£, current in DA =2 = 0 
The firm line* denote the path of the current 


162. Application to the Currents in the various 
Branches of a Wheatstone Hot — The Wheatstone 
bridge network consists of four resistances P, Q, B, 8, a 
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Eliminating b from (4) and (5)— 

18y - 8* — 0 (7) 

Multiplying (4) by 8 and (8) by 4— 

12y - ftt bO 
- 2ks - 20y + 84s => 41? 

Adding — 82y 4* 7 Bt — 4 S § . • ... (8} 

bbA 

Eliminating y bom (7) and (8) a a |||. 

Substituting in (7] r*^ 

Henoe bom (4) x = 

Thus tho total aacrent u G 20/719, the current m the galvano- 
meter m s - y, \u 8 60/710, and to cm 


The joint resistance of the network farmed by P, Q, B, 
B t end flf ib found thus if JB, = joint resistance, B + 

=total resistance, so that J?=(B + £,)■, i e. jBj = ^ — B , 

time in the above example 

B '=-W- 10!!S ^- 10ss882 


163. Application to Celia of Un- 
equal E.M.P.’s in Parallel. — Let e„ 
e,, & be the EHF.'a of three cells in 
pinulel (Fig 310). r v r v r, the thiee 
internal resistances, I„ ij, I, the thiee 
internal currents, r the external resist- 
ance, and I the external current Ap- 
plying EarchliofFs Laws — 


I,+ I»+A=I (1) 

Jr + J.r, = e, • ••» (2) 
Jr + l.r, = e, •• ••••« • (8) 

Ir+ V. = ^— • (*) 
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Dmdiug (2; by r,, (8) ly r s , and (4) by r,— 
lJL+I l= I> 

r t r i 

+/,= -'■* 
w • ■ 


r. 


r * r, 

Adding, and substituting (1) — 


+ ? + £ + 1 ) = J- + --+ * 

\Fi r, r, ) r, r, r, 

r f rr,r, + rr,r, + rr,r, + r,r,r, \ _ c,ur, + c,r,r, + c.r.r, 
V W, J r.Pjr, 


•. 7- Wi + W + W i 


■— X— T— -r— - . . . (5) 

rr,r, + rr,r, + rr,r, + r,r,r, 

To obtain tlio currant in cadi call substitute (5) for I in 
equations (2), (8), and (4), and soIyo for Z, f J,, and I y 
If E bo the total E M P , 

E as total current X total resistance 
1 


= x ( r + l + i+ji) 

v r, r, r, ' 
- W» + <V.r, + Wi 
Vs + V, + Vi 


(6) 


Note —If tbo three E M P ’s bo equal, saj oaoh t t , and the three 
internal icsistanccs be cqunl, nay caoh r lf (C) becomes 


/= ®a»iiL_ = £i_ , 

n* + 3”-,> r, + ; 


and (0) becomes 


= = 


dr,' 


= e, = same as ono cell, 


as was slated in Art. 100 
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164L Current Sheets or Conduction in Two Dimensions. 
—Imagine a large flat sheet of copper and that electricity eaters it 
at a certain point ; clearly the onirent mU flow away from this 
point by spreading out on all sides and we have evidently a aaee of 
conduction u two dimensions. The point at which the current 
enters the sheet is referred to as the wares, and if the current be 
withdrawn from the sheet at another panti this latter point is 
referred to as the ml Two oases only will be dealt with — 

OASE1. ONE SOURCE OR SINE —Let the sheet be of un- 
lnmted extent; the hnae of flow will 
be stmight lines radiating from the 
point (Fie 811), and the equi potential 
hues will be ooneentmo morales with 
this point as centre Consider two 
eqmpotenbala of radii r and r+dr 
and two flow linn enclosing an angle 
d®, let 8 be the epeofio resistance of 
the sheet and t its thioknem The 
rmstaneecf the element boendad ter 







potentials is dearly 8 mm 

Qm breadth AB of the dement a rdf 
The whale areolar strip oondsts of Pig 8LL 

eff 01 these dements in patalld and 
the resistance of the esradar strip a therefore 
cW tjt a dr _ « dr 
^ S iiSS tz 8 ^tr 

elwdy*^** n0,r * ouron ^ r Wt of radii r, and r, ; its , fl 






Jsts.'iSMasassssr* '■ 

Fj-Fj a Cnrr x Res » T log,Ii, 

S.~JnL^S:ga:tg“tiaAr-r..»!- 

Bint distance amfFthe potential SStmJt. 2, “ 

the minus being used for a source and the pltu for a «ni. 
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caw: 2 ONE SOUJiCi: AND ONB SINK.— A httlo con-idon 
tion mil conunro tlio f-tudmt tint the lmr of flow nml cqmjmtcn 
tiftl linn are pimilsr to the lines depict* d in I’ig 312 
Let It s distance of a point A from the t-ourcu 
R'n distance of tho point X from the nnk 
T = potential at A due to the rourca nlono 
r«= potential nt X dno to tin. sink alone 
P s the mullant potential nt A' 
p a the potential nt unit distance 

Now— 

r - r - .g log fi, P - - r + " log R, 


r= 


r-t !•«- 


rs , 

2-7 lotrp 


ir 

ji 



Tit 312 

panic meaning for P s , then 


nml ib constant an long ns the 
ratio of K to Jl is constant 
Korn consider n portion of 
the sheet ixrandcd by tiro 
lines of flow winch moot at 
an ancle a and two eqni 
potential lines of » allies P x 
awl , let R, and if’, 
denoto tho distanrcs front 
the aonreo and nnk icspcc 
tneli of any point on /', 
and let Jfj and 71* ha\e the 


, 18 lnp, 

2Ff tos '7if' 


P - 18 lor £} 
P *~&> 


p ‘ " Pi " -Mi l0£r ' 


jr./r. 


If 7i ho tho current through tlio nheot bounded by the two flow 
lines in question, Jj . / => a 2r, l 0 /, = i /j henoo, »f r denoto the 

resistanco of this portion nf tho sheet bounded by P\ and Pt 
those two flou lines, 


p a PokHilT 
” Current 


“■2- los, S* 


and for the resistance of tho whole space bounded by these two 

cqoipotoutinls 


Roe =^l0Br, 


Jfi-gs , 
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Examples. 

(1) Twelve tsBt art arranged tn serin, the total internal resistance 
bang 27 ohms The outside resistance is 40 ohms and (he terminal 
P D 0 volte Fm d (i) (he current, (u) the fad o f potential m each 
cell, (id) the B Ml F of the whole battery, (iv) (he S If F if each cell, 
(v) the terminal P D far each ctB. 

« o— *- i3SS£gs - k - 

(u) Kail of potential in battery = Current m battery 

x Bes of battery 
= 16x27 
« 4 05 volts 

4 09 

•• Fall of potential per oeD = -jg- “ *3378 volt. 

(ni) BMP of battery = Terminal P D + Fall of potential 

in battery 

= 0 + 4 06 = 10 05 volts 

(iv) EHF ofeaohoell- ^ » *8375 Tolt. 

(v) Terminal P.D. for each oell m K.M F. - Fall of po- 

tential in cell 

= 8376 - 8375 = '5 rolt 

Note afao^— Fall of potential par odl *= Current m cell X Rea. 

of <wl) 

» 16 X fi*= 8376 volt 

BMP. of battery = (Dotal current x Total xeafataaoe 
= -16 X (27 + 40) = 1005 volts 
Terminal P.D for eaob oeU = 6/12 ■= '8 volt 

(2) A dynamo products a /seed P D. at Us terminals <f 120 volts 
mid fa 300 yards away from, a house where there art two hundred 
100 vott 85 wnM glow lamps xn parallel What sixe hade should be 
employed between the dynamo and the house \f the resistance qfan inch 
die of copper u G6 microhm f Foul alto (i) the electrical hone-power 
supplied at the house, (n) the watt-hours and Board if Trade mite 
supplied wi 10 A owe, (ui) the cost of the energy at 4d permit 

Watt mm 31 , 

Hence— 

= ^ = 36 ampere 
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. Ourront for 200 lamps = 35 x 200 = 70 amperes 

in tlio leads VoltB used in leads = 120-100 
Resistance of leads = £5 = B ohm 

Again— 


current 

20 


It = 5—, 
a 


SI 

It 


v 7 

a 'OA99 square ineh 


8 — CO microhm a 00/10* ohm per moh onbe 
t - 000 yards (go and return) a (000 X 30) inehca 
R= § ohm 
00 x COO X 3( 

* iiSHtT 

Further- 

Total watts supplied a 200 X 35 = 7000, 

HP supplied a 7000/740 a 9 4 approx 
Watt hours supplied m 10 honrs a Watts x hours. 
Watt-hours a 7000 x 10 a 70000 , 
Watt-hours 


and Board of Trndo units a 
■ > SOT units a 


1000 
70000 


1000 


a 70 


10 V 


Finall}— 

Cost of 70 units at 4d per unit = £1 3s 4d. 

(3) A battery of 10 tufts and internal resistance 5 ohm it connected 
in parallel with one of 12 voltt and 
internal resistance 8 ohm The polrjs 
ai c connected by an external resistance 
of 20 ohmt Find the current in each 
branch (B So j 

Lot Fig 313 represent the details 
ing KirohholFs Laws os in Art 

20/ + 5 /, = 10 (1) 

20/ + 8/, = 12 (2 ) 

Binding (1) by 5, (2) bv 8, adding, 
and remembering that + /j — h 



iW, 


wo get 


06/ = 35, 


- 35 

. J ampere 


Substituting this m (I)— 

„ 700 _ 40 

•6/, a 10 - B6 (^ 3 > 


80 

/i = -|gnmpere, 
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and substituting m (2)— 

Thu* the current through the s tron ge r battery ia 116/66 ampere*, 
of which 85/08 ampere flows through the external resistance and 
BQA58 amperes flow oadfc through (As weaker battery 
Note that going along the run from B to A the me m potential 
J» {« = IR) 85/06 x 20 - 700/66 volts , going through the s tr o nger 
battery from B to A the rise is B-Ifm 12 -Wx 8 - 700/66 
'olta , gong through the weaker battery from if to A the rue u 
B+/,r, = 10 + |fx 5 = 700/88 volts 

(4) Me equal mra each of mutanee r ate joined up to form a 
tUUton cube and a current enters at one corner and leates at the 
dtagonallyopponlt corner Find 
the joint rettthntce between them 
torture (Inter B So ) 

An examination of Fig 814 
will show that the total cui rent 
(say 6x for convenience} divides 
at A into three equal parts each 
equal to 2n At B,% end D 
eneh of these again divides into 
torn equal pnrte each equal to x 
At El, 0, and F these latter 
unite in pairs, grvmg three our- 
mnta eaoh equal to 2» umtang 

If B denote the F D be- 
tween A and O, then, taking 

any oua path, say ABFO, B <= 2*r + xr + 2sr = 5*r. 

But if R denote the joint re- 




sistance, 
Bm 6KB, 


i e 6*B = far. 


■**“%*•• 


(6) Twdte w u« each of 1 ohm 
renetance art joined tip to form a 
cube Stow that the total non- 
tax ce taken between two comer* on 
(ftesameedpsw J % of an ohm 
(City and Guild* of London.) 
An examination of Fig 316 will 
■how that the total current J 
(= * + 2y) divides at A into three 
porta, vn. x along AD and two equal parte y (dons AB and AB. 
At £ wad B these latter divide into suing EH ana BE, and y — e 

V ASD E. 29 
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along EF and BO A current 2 1 flows along HO, breaking op into 
* along OF and s along 00 The onrronts in FD and OB are 
therefore y 

If E = P D between A and D and r = resistance of each wire we 
haio 

E = xr ( 1 ) 

E=yr+ [y-z) r + yr= 3yr-sr (2) 

E = yr+ sr + 2zr + zr + yr = 2yr~+4tr (3) 

Ebminatuig z from (2) and (3), 


u = — = = —T 

V 14r 14 r ” 14 ’ 

/./ = * + 2y = Y* 

If If = joint resistance, E = IF ~ ~ xR , but E = xr, 
~xR = xr, it jE = ^»-=^ifr = L 


Exercises XI. 

Section A 

(1) Explain "current strength,” "resistance,” and "eleotro 
motile force” Is there any real distinction between "potential 
difference ” and " eleotromotn o force ”? If so, explain fully 

(2) Define the absoluto olcotromagnetio and the practical units of 
current strength, quantify, potential difference, and resistance 
Define also erg, joule, watt, kilowatt. Board of Trade nmt of eleo 
tnonl energy, temperature coefficient of resistance, and electro 
chemical cqunalent 

(3) State and explain Ohm’s Law, and deielop the formula for 
the joint resistance of conduoton in parallel 

(4) State KirobhofFs Laws, and show their application (i) to the 
determination of the currents in the venous branches of the Wheat- 
stone net, (u) to the cose of colls of unequal E hi F 's in parallel 


Section B 

(1) A circuit ib formed of six similar cells m senes and s wire of 
10 ohms resistance The EMP of eaoh cell is one volt, and its 
internal resistance 5 ohms Determine the difference of potential 
between the positive and negative poles of any one of the cells 
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(2) The tannin Ella of a battery formed of seven Darnell a oeQa in 
senes ate Joined by a wire 85 feet long One binding screw of a 
galvanometer is wined by a wire to the copper of the uurd oau 
(radconed from the oopper end) With what pomt of the 85 ft 
wire moat the other screw of the galvanometer be oonneetedeothat 
the needle shell not be deBeoted * (BE ) 


(8) Two cells, A and B (K &LF and internal mutanoe of eaoh 
are 1 volt and 1 ohm respectively), are arranged in aenea The 
positive and negative poles of this battery are conn eo tad with the 
positive end negative poles respeotively of a third cell, 0, exactly 
hire A and B, the connecting wires having negligible rematanoe 
What is the onrrent in the airomt, and what is the rntem 
difference between the positive end negative poles of the odl 01 


(4) The eleotrodee of a quadrant electrometer are Joined to the 
terminals of a battery of five cells in senes In what ratio will 
tin Jeflwitam of the needle be altered if the eleotrodee an also 
joined to the terminals of a battery of three oells in senes similarly 
arranged, all the oells being alike and the oonneotwig wine thick’ 

(BE) 

(6) A battery of twelve equal oeDa m series, screwed np in a 
box, bong suspected of having some of the oells wrongly oamiBcted, 
is put into circuit with a galvanometer and two oells similar to the 
others Current* m the ratio of 8 to 2 are obtained according a* 
the introduced oells axe arranged so as to work with or against the 
battery. What is the state of the battery* Give reasons foryonr 
answer (BE) 

(5) A circuit is mode up of (i) a battery with terminals A, B, its 
resistance being 8 ohms and its E MF. 2 7 volts, (u) a wire BO, 
of resistance 1*5 (duns , (m) two wires m parallel mrcmt, ODF, 
OBF, with respective resistances 3 and 7 ohms , (iv) a wire FA, of 
resistance 1-6 ohms The middle pomt of the last wire is put to 
earth Find the potential at the points A, B, 0, F. (BE) 


Section 0 

(1) State the Law of Ohm, and apply it to oaloolate how many 
Grove cdls, eaoh having an electromotive force of 1 8 volte and an 
internal resistance of 0 07 ohm, will be required to send a ourrent 
of 10 amperes through a resistance of 2*2 ohms (later B So ) 

(2) State tho law of subdivision of a current in » divided mrumt 
Explain bow yon would arrange 36 edla of a battery, eaoh having 
an internal insistence of 1 8 duns, so as to send the strongest 
passible current through an external resistance of 6 6 ohms 

(Inter BSo) 


*r~> 
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(3) If a cell has an E M F of 1 OS volts and 5 ohm internal 

resistance, and if the terminals are connected by two wires m 
parallel of 1 ohm and 2 ohms resistance respectiiely, what is the 
current in each, and what is the ratio of the heats developed m 
each’ (inter BSo.) 

(4) An electno light installation consists of a group of lamps in 
parallel aro between the ends of leads The leads hare total 
resistance 4 ohm, and bring current from sixty accumulators each 
with EMF 2 volts and resistance *01 ohm When twenty-fire 
lamps are switched on each takes 4 ampere Find tberesistanoe of 
a lamp, and the watts used in each part of the circuit 

(Inter BSo Hons) 

(6) State the laws governing the distribution of enrrent in a 
network of wires, A battery of 6 volte EMF and 0 5 ohm 
internal resistance is joined in parallel with another of 10 volts 
EMF and 1 ohm internal resistance, and the combination is used 
to send current through an external resistance of 12 ohms. Calcu- 
late the enrrent through eaeh batter) (B Sc ) 

(6) A framework is made out of six pieces of the same wire 

fonmng a square and its two diagonals It is fixed together at the 
angles of the square and at the crossing point of the diagonals 
What is the equivalent resistance of the frame between the two 
ends of the same diagonals ’ (B Sc.) 

(7) Show how to calculate the ourrent through the galvanometer 
in the Wheatstone bridge arrangement of conductors. (B So. Hons.) 

(8) Let AB, BO, 01), DA be four uniform wires, each of unit 

resistance, joined in the form of a square A BOD, let E be a point 
in the side CD such that CE is to ED in the ratio of s /2 to 1 , and 
let A be joined to E by a wire AE of unit resistance Show that, 
if the points A and 0 be maintained at different potentials, tbon 
the potential of B is equal to (hat of B, so that so enrrent will flow 
•long a wire joining BA (Tnpos) 

9) A tetrahedral framework is mode of wires cut from the same 
coil if pairs of opposite edges be equal and of lengths a, b, e 
respectnely, and a current enters and leaves the framework at the 
ends of an edge of length a, then the strengths of the cnirents in 
the pairs of edges of length a are in the ratio 

6(a + e) + e[a + b) bfa + c) -efa + b) 

(Jesus College ) 

(10) In the previous question show that the resistance of the 
whole framework is that of a length of wire equal to 

L (JL. + _££_) (St John’s College ) 

2 U + c o + bj 
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MA&EETIO EFFECTS OF OtTEBENTS 


166. Field due to a Linear Current. — We most now 
consider what determines the intensity of the field at any 
point in the neighbourhood of a conductor carrying a 
current 


Hxp. Fix a long win rerboaUy and pan a current up tin wire 
Unngthe aeedlatran magnetometer of Art 40, find the number of 
osmllsUona (u,) per minute at distance A\ due mognebo east of tin 
wire t j ' lt at dutsm d, 1st «, be the number per nmmte 
owitoh , off the ourrent and let R e be the number per minute under 
*“• .’..S® °* ** earth alone On the eats of the wire the 
earth s field sad the field doe to the ourrent am in the same direc- 
tion | hence (Art 40)— 


«i* - n» 3 * field due to the ourrent at dutanoe d,, 

*.* ~ Hq* « field dua to the ourrent at dutanoe dj, 

and it will be found that - nf) [nji - nfi) a d, d lt le Oe 
intensity qf the field tones miemOy at the distance. This is known 
ss Biot and Set artfa Experiment 

^Include an ammeter (Art 187) in the ofaouit, and also os adjust- 
able rmutanaa so that the ourrent may oe indicated ana its 
strwgth varied TVith ourrent I\ passing, lot n, be the number of 
mediations per nmmte at a certain point, and with eorrent /. lets, 
oe the number per minute al the tame point , then 

*i* - « 0 * «e field at a certain dutanoe u hen the enrreat u I„ 

- «e* * field at the same distance when the eorrent u I„ 

and it will he found that (»|* - n»*) (nj» - n»») - JT, /.(approx) 
i a tht inferuiiy qf the field canetdireeily at Ifu current drtnoth. 

87 
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In discussing the law established by Biot and Savart, 
Laplace showed that the result may be deduced mathe- 
matically from the following assumptions — 

Let AB (Fig 816) repiesent a wire carrying a current, 
then, considering the field due to a very small element, db, 
it is assumed that the intensity of 
the field at o due to the current m 
that element is — 

1. Directly proportional to the 
strength of the current in AB 
2 Directly proportional to the 
distance ah', that is to the appaient 
length of the dement db as seen 
from a (The line db' is drawn at 
right angles to the line co, which 
joins c to o, the middle point of db ) 
8 Inversely proportional to the 
square of the distance of the element 
ah from o, that is to co* 

Hence, if H denote the intensity 
of the field at c due to the element 
db, and I the strength of the ourrent in AB, we have 



Fig 316 


E a 


I dM 


or Hoc 


I db sin a 

» r 


or Ha 


I db cos 6 


w M* 

where a denotes the angle aoo, and 0 the angle Peo 
TTin direction of H is perpendicular to theplane through 
c and AB To deteimine the intensity, at any point, due 
to a current in a conductor of given form and position, it 
is necessary to sum up the effects due to each element 
the result of the summation gives the total intensity due 
to the current in the conductor talran as a whole 

In the oose of an infinitely long straight conduotor, by applying 
Laulaoe’s assumptions to the two oases shown in Fig all, wnere 
the distances of the point e from the wire are d and #■ wo set 


H 06 


/ aft am a t r _ db' bw a 

- ; — and M,* — jp — i 


oo* 
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But from the figure 

aW H 

oe ab ' * Hi 

And geometrically 
«5 d 
29~W’ 

E m * 

Hi T 

Thu indicates that the efieot 
of cash element vanes in- 
versely as the distance, and 
therefore by nunmatum the 
total effeefc of the whole wire 
at any pant vanes inversely 
as the dutanoe of the pant 
from the wire Thus Lapkoo'a 
mathematics agrees with Biot 
and Savartfa Experiment 


„ «b (aV\* „ a (V 
*29 \aF/ aT 



Ajs indicated m Art 151, 817. " 

the smite axe ao selected 

that the expressions H oo lab tin 0 /( 00 )*, etc , above become 
eqnahtv-m, hence the intensity of 
the field at any point due to a cur- 
rent in a straight wire of finite 
length u calculated as follows — 

In Pig 818 lefc BA be the conductor 
cairymg a current Jem units and P 
the point, d on from the conductor, 
at which the intensity is required , 
let Pb =s r, the angle DPb = Q, and 
the small increment IPa s iO , let 
tiio angle DP A - and the angle 
DPB = B t 



Pield at P due to 6o=s ^ — j[ 

“ F“* 

But 4 =oosd,tai. = £^ 

“ t d 

A Pield at P due to ha ss ~ cos 9.d0, 
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and the total field (IT) at P due to the whole conductor 
BA is the integral of the above between the limits 0=— 0, 
and 6 = &,, that is— 

E= ’cos 0 d0 = Bm 

"J-0, dl -*-0, 

= ^ [ Bin 0, — sm (— 0,) ] , 


ie. XT = ~ (Bin 0, + Bin 0,) . (1) 

ft 


In the case of an infinitely long conductor 0, 
and therefore sm 0, = sm 0, = 1 , hence 




( 2 ) 


In Art 173 it is shown that the work done in moving 
unit pole once round an infinitely long conductoi carrying 
a current Jem units is 4sJ If H be the intensity of the 
finld at distance d, JT measures the force on unit pole at 
this distance, and the work done m moving the unit pole 
once round the conductor in a circle of radius d is given by 
the product of the foice and the distance, 1 1 by 2irdH , 
hence 

2rdBC = 4erl, i e H=2I/d. 

If J be in amperet the right-hand expressions of (1) and 
(2) must, of course, be divided by 10 


166. Field at the Centre of a Circular Current — 
Consider the conductor AB to he looped into a circle as 
shown in Fig 819, and let us determine the intensity of 
the mag netic field at o, the centre of the circle 
Considering the action of the element db, the intensity 

1 x a l, where I denotes the current in AB _ 

Now, since each element of 


of the field is 


and r the radius of the oirole 

the conductor is similarly placed relatively to ^ the m- 
tenaty of the field at e due to the conductoi AB taken as 
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a whole is — x that is ^ x J^T or Hence, if H 
P r* r 


Ez= 



.( 8 ) 


Fig 819 


denote the total intensity of the field at c, then 
2ir I 
r ’ 

I being mem units and r in 
centimetres 

If the coil consists of n turns 
suffiraently thin to he regaided 
as coincident, 

jg _ aimJ 

r 

The direction of the field at e is at right angles to the 
plane of the coil, and may be determined by Ampere's 
Bide or the Bight Hand Bnle (Art 146) ; in Fig 819 it 
is upwards towards the leader. 

Fig 820 shows roughly the l™« of force, within a 
small space abed at the centre the field is practically 
uniform, is the lines of force 
are approximately parallel equi- 
distant straight lutes, this is 
utilised in the tangent galvano- 
meter (Art 177) 




Fig 880 


Fig 881. 


167. Field at any Point on the Axis of a Circ ular 
Current — Consider first the field at P (Fig 821) due to 
the jsmall dement oh of the coil The intensity is cleaily 

a direction at right angles to AP; let PK repre- 
sent this, and resolve it into two components, to PJJ 
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along the axis, and PV perpendicular theieto Only the 
component along the axis need be considered, for when the 
whole ring is taken into account the vertical components 
cancel each other From the similar tnangles HPE and 
OAP — 


PH _ r 
PE a' 



or, denoting the horizontal component PH by A— 

^ _r_ I "ab _ iiab 

a a 3 a? 


Clearly, for the whole ring, the intensity H . at P will be 
obtained by summing the above for all the elements into 
which the nng is divided, t e 


H = 



r I 2irr 
a* 


2*7*/ 

a* 


and if there are n turns (os in (S) above) — 

„ _ _ airiw^J 

h -g r ... w 

a (<?+»■*)* 

When d — 0 this reduces to H = 2irnlfr the result 
obtained above for the field at the centre of the coil 


168. Field midway between Two Similar Coaxial 
Circular Coils, the Distance apart being equal to the 
Bodies — From (4) of the preceding article it follows that 

the field due to unit current in the coil is 2^m^ 4 /(d , + r 1 )^, 
and from this the variation of the field along the axis may 
he graphically represented by working out the value of the 
field for different values of d The curve in Fig 822 
depicts this venation, the absoissae denoting distances 
along the axis and the ordinates values of the field The 
curve is at first concave towards 0, but the curvature 
•becom es less and less and quickly changes sign, the curve 
becoming convex towards 0 
The point of inflection or change of curvature is at tee 
point where d = £r, and at this point the curve is. for a 
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sboit length, piacticnlly a straight lute If, therefore, we 
hare two equal ciroulai coils placed with their axes coinci- 


Ai\ 



BOA 
Fig 888 

^at and at a dutanee apart equal to the raitve of sifter, 
t “ en * f° r the same dnectaon along the oommon axis, the 
rate of increase of the 
fold due to one coil at 
a point midway between 
the two coils u equal to 
the rate of decrease of 
the field due to the other 
coil at the same point, 
the field for a fair 
distance on each side of 
this point will be prac- 
tically uniform Taisia 
•fowa graphically m 
% 828 Thaaotted 
®wws show the fields 
for the separate coda, 
aud the fall hue curve, 
the resultant of the two 
dotted curves, represents 
the resultant field due 
to the two cods; the 
nomoutal part indicates Fig 32* 

uniformity of field Pig 

321 shows the field of force between the cods sad dearly 
indicates that, in the middle of the field, there is a region 
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of comparatively fair extent where the field is practically 
uniform , this is utilised in the HdmhoUt 
{ K ' i *' tangent galvanometer (Art 178) 

r \ / r The truth of the above may be shown mathe- 
A Y _ matieally as follows • — Let &t (Fig 325) be the 

* op a distance apart of the ooils and 0 the mid point. 

, Take a point P near to 0 and let OP— x, 

<---2d ► £p — gj-jf an a Bp = (d-x) Assume 

unit current to flow in the same direction in 
*® each coil, and let the radius of each coil be rj 

Fig 325 then 

Field at P » S = Zmr 1 f v + jl 

|_{(d + *)* + **P {Id - *)> + 1 * P J 

Differentiating With respect to x— 

dB T Sf d + x) _ 3(d-x) l 

d* ' ' [_{(*+*)*-*-»*}* {{d-xf+t*}* J 

JET 

To find the condition for uniform field 2_ must be equate! to 
zero; hence d-*-x _ d - X * 

{(d+*) ! + ^ {(d - *) 5 + r*r 

it (d + aO{(d ~ *) 5 + = (d - x){(d -f *)* + r 3 }^ fej 

Xow {(d A *)* + “ («** + neglecting ** 

«*■+•*{ 

*^+^(1+^+ ) 
{(d-*l*+r s } & »{d , + ^ S ( 1 -a3^3 + ) 

and substituting m {«) 

*>+*<*+•*(’-3^) w . 

^Id-arH^+fl^i + tfr+lSy' 

* « ?4 - ar -5rr^-5?+T s '' <* s ^ 3*+? 


iP-rr* 


: 1, hence d»Xor2J*r. 



KLcnrarno effects of currents 


75 


That, toseonre a very uniform field m the central region between 
tbs cods, the distance apart must be equal to the radios of either 


The field Hat the centre due to current I in the cads is 
dearly 



C5) 


169. Field due to a Boleuoidal Currant. — A further 
extension of the result of Art 167 shows that the intensity 
of the field in the interior of a long do Bely wound solenoid 
is given by 



where I is the current in e m units, B the total number of 
toms of the solenoid, and l its length The field is prac- 
tic&lly uniform except near the ends, and is half the above 
valve at the ends If u be the number of turns per mat 
length, n = 8/1 and 

iff — 4w«r (7) 



Kg 826 shows approximately the variation of the field 
m the case of a solenoid 

Theabue relations may be established as foQowi —Let » be 
tne current per nut length of the solenoid so that j. dr is the 
wrent in the thin shoe df b (Fig 827) The field at P due to this is 

^ Kow^ = sm9. ie. d*» £L$ ; hence the 


field at P due to the shoe dx Is 


grr^adfl 
(tf + ^J'emd 
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i, Bin 0 = — , t 3 + as* = a* { hen oq 

Or 


Field at P due to slioe dx = 


2 sr»r*d0 



a* sm0 
= 2n bid $ dff 

Thus if $i and 0, be the values of 
0 for the ends of the solenoid, the 
total field H at P is olonriy 


Z? = 2«j* 


Bin 9 dd 


Fig 827 


*= 2*i (dob 0j - oob 0,) 

If / bo the ouiient in the solenoid, 
S the total turns, and l the length, 
t et Sift , henae 

JET (cos fli-cosej (8) 

If fjjg solenoid be very long and P be well removed from either 
end, practically 0, s 0 and 0, » s', eo that oos 0, - eos 0, = 2 and 

u — 

Jo. = — • 

At the extreme end of a \ endlong solenoid, practioollj eos ff 2 =Oand 
oos 0j = d, so that B *» i^holftht intensity at At central 

pari i of the solenoid 

A simple pi oof is based on the results of Art 173, viz 
that the work done m moving unit pole round a current- 
carrying wire is 4irl Imagine unit w>le 
morodalong the path ABGDA (Pig SSB) 
the work done is 4arl foi each turn of wire 
If there are » turns per unit length, the 
total turns in the part considered are nAB 
and the work done is tel x nAB 

The work m going along JBU and DA » 
ml smce these paths aie at nght angles to the hues of 
» ' rrko -Yolkin going along OD is negligibly small 
l going aTong AB, for the hnea of 


r* n 

PORTION OF 
SOLENOID 

Fig 328 
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force which are crowded into a small space inside are 
spread out throughout the whole field outside, so that the 
force along OB, and therefore the work, is negligible 
The work in gome along AS is E X AB, where E is the 
intensity made; hence 

E X 2S — 4irl X nAB, E — 4umX. 





Fig 829b 


~rr S. T“, n aotea on By a force towards the 
ngbt; the tendency is, therefore, for the conductor to more 

S?^^L^ e ,^ Mdl5et,reen N and Smthe 
re^tent of the two fields above (see Pig 8296) 

Pig 880 shows the direction in which a current-carrying 
wire A tends to more round a north pole N, and the 


78 


MAGNETIC EFFECTS OF CURBENT6. 


direction m which the north pole tends to more round the 
current. The latter is given by, say, the right hand rule 
of Art, 146, the former — the direction in which a con- 
ductor carrying a curient tends to move in a magnetic 
field — is perhaps best given ta most practical cases by the 
following left hand rule due to Fleming' — Sold the 
thumb and the first two fingers of the left hand mutually at 
right angles , place the fm efinger in the direction of the lines 
of force of the field in which the conductor is situated (N to 8), 
and turn the hand so that the middle finger points in the direc- 
tion of the current, the thumb will indicate the direction of 
motion of the conductor Clearly, if the duection of the 
current or the direction of the field be reversed the direction 
of the foice will be reversed, but if both field and current 
be reversed the direction of the force will be unaltered 

Numerous experiments may bo devised to illustrate these “rota 
tioas ” and to \ enfy the rules given ThuB m Fig 331 the vertical 
magnet is surrounded by a ring trough con 
taming mercury up to abont the level of the 
mid point of the magnet, and a conducting 
oirouit ie pivoted on the end of the magnet os 
shown On passing a current up the magnet 
and down the oirouit continuous rotation of 
the latter ensues, and the left hand rule may 
be vended If a solenoid carrying a strong 
current be substituted for the magnet, and 
the apparatus modified aooordingly, the seme 
effect takes place Farther, if a bar magnet 
be suitably weighted, so that it floats verti- 
cally in meroury, it can, by suitable arrange 
ment, be caused to rotate round an insulated verboal conductor 
dipping into the meroury when a current is passed through the 
conductor 

An expression for the magnitude of the force acting on 
lihe conductor may be obtained as follows — The intensity 
h of the magnetic field at o (Fig 816) due to the element 
ab is given by 

. __ I x ah' 

to — -----j 

00 % 

the direction of the field at c being at nght angles to the 
plane abo< 



Fig 331 
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If we denote ab by l, oc by r, end the angle cm by a, 
then 

x _ IZsma 

— p ’ 

This expression for the intensity of the magnetic field 
at 0 gives the force which a unit north pole Wold experi- 
ence if placed at that point It therefore gives the force 
which a unit north polia at e would exert on the 
ah But the strength of the Tim priatan field at o, due to a 
unit north pole at e, is 1/r*. Hence the fence exerted 
on the dement ah in a mii gnff h o field of intensity 1/r* is 
I Z sin a 1/r* , that is, m a fidd of intensity E the force 
exerted on the dement db of the conductor AS carrying a 
current I is 

Force = IElmna 

If the condnotor is straight and the fidd uniform, then 
this result may he applied to a conductor of Anita length 
jsmttar, in the case of a condnotor of length I, placeS at 
right aught to a uniform fidd of strength K, we have 
(since mis I)— 

Force = I.E.l 



Magnetic 


v 
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171. Work Bone in Bisplaoing In 

Field a Circuit carrying a Current. 

Consider first a straight conductor of 
length Z ora placed at right angles to a 
uniform fidd of strength E tmi+a and 
carrying a current of I on. units , the 
force on the conductor is IEl dynes If 
the conductor moves as faflicW fl in Fig 
339 through a distance x cm., the work 
done is IUUt era , but Z x a is the area 
swept out, and Eh is, therefore, the total number of unit 

M.ANDK. gQ 
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tubes of force (F) cut by the conductor during the dis- 
placement, hence 

Work ss I F = current x tubes cut 


Example If a wire carrying 30 amperes moves in a field so as 
to out 10,000 unit tabes, the work done is {§ x 10,000 «* 30,000 ergs 

A more general proof of the above is as follows Let 
ah (Fig 833) represent an element of a conductor carrying 
a current in the direction of the airow, and let aE denote 
the direction and strength of the magnetic field acting on 
the element Also let aF, drawn m a direction at right 

angles to the plane of ab 
ana all, represent the di- 
rection of the force /acting 
on the element ab 
If now the element re- 
maining parallel to its first 
position suffer a very small 
displacement to the posi- 
tion a'b', the work done in 
effecting the displacement 
by the force acting on the 
element is measured by 
f aa”, where aa" is the 
projection of aa' on the 
direction of / Bat if E 
denote the intensity of the 
field, then by Art 170 -we 



Fig 833 


have / = TWah Bin a, where a denotes the angle ball 
and I the current in the element, that is, the work done 
m the displacement is equal to IHab sin a.aa." But 
ah sin a aa" is ah" aa", the area of aa'"b'"b" which is the 
moiection of the area aa'Vb on a plane through a at ngbt 
angles to the direction of the magnetic field The quantity 
E ch sin a.aa" is, therefore, the flow of f mob through 
aaVb or the number of unit tubes of force cutty the dement 
dunng ite displacement into the position aV. Thus we 
obtain, as before, the result that the work done = current 
X tubes cut 
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If a doted circuit be displaoed m any way m a field it u evident 
that the work done may be determined by imagining the mromt 
divided op into very small elements and ramming up the work 
done in the displacement of eaeh element Thus, if / denote the 
enizent in the mromt and ftj, n», n,, the number of tabes of 
force <mt W the elements of the mromt^ then the total work for the 
given displacement is 2fn or IZn & determining Zit, however, 
the Mjmmn for eaoh element hat to be eonmdered A winning the 
tnbea of force at any point to pass through the mromt from the 
negative aide to the positive nae (that it, in the direction wHoh 
the tnbea of force due to current in the mromt would patt), then n 
is pontiv e if the tnbea ore to cnt ta to peat from without to within 
the area of the mromt, and negative 5 the tnbea are to ant at to 
put from withm to without thu area It follows from this that 2n 
it really equivalent to the increase of the flow of force through 
the mromt m the positive directum If Hut mcreaw be denoted by 
F, then the work done by the eleotromaanefio force acting an the 
' circuit in the magnetio field u measured by FI 

If the displacement is a very email linear displacement /, then 

that u Fill is the font oaumn^the^^kcemrat^ Sraalariyf^ 
the mnrait be rotated round an axis through a very «««W sun 8, 
then FI/S gives the moment of the couple causing the displace- 
ment 

If the mromt be taken from an infinite di«fam«» up to any point 
m the field, then the work done against eleatromagnebo foroes m 
bnngmg the circuit to that point is given by — FI, where F 
denotes the total flow of force through the mromt m the position it 
occupies m the field The quantity - FI, therefore, measures the 

S tisl of the circuit in the field The potential here defined en> 
r varies with the posiuoa of the oiromt in the field end may be 
mro if Pie aero Its mavumun v aloe obtains when F is negative 
and has the greatest arithmetical value possible, and for its mini- 
mum value Pis positive andssgrcatss possible The two positions 
of the oiromt corresponding to the maxi mum and mmunnm values 
evident!) mnko an angle of W with eaeh other 
For a mromt free to move m the field the position of rest Is that 
(xh responding to the minimum potential energy, that ta, to the 
position m wmoh the tubes of force pass through it in the greatest 
number and in tho same direction as the tubes of force due to the 
eunent in the mromt. A plane mromt, for examplo, freely sus- 
pended m a uniform field tends to set itself at right angles to the 
field m such a position that the positive direction of ite axis u the 
mmsas that of the field It is eudent also that if the mromt is 
flexible or made up of movable parts it will, when a current is 
passing through it, tend to mako the area enclosed by the mromt a 
maximum A flexible oiromt, therefore, tends to become circular 
in form, and in a mromt with a movable pvt the movable part 
moves in such a way as to increase the area of the ouemt. 
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17S. Current Circuits and Equivalent Magnets 
and Magnetic Shells.— Let a circular coil of radius r 
carrying a current Jem units be fired with its plane in 
the meridian, the force on unit pole at P (Pig 321) is 

2wi J I/(d a + r 1 )^, t e 2jrr J l'/d 3 , say, if r he small compared 
with d Hence if a email magnet of pole strength m and 
length l be placed at P, the conple on it due to the 
coil is 


ru.~i„ _ 2^1^, _ 2AIM 
Couple b -y ml «— y. 


where A is the face area of the coil and If is the moment 
of the magnet at P 

If the coil be now leplafied by a small “ end on ” magnet 
of ninmant. if, the couple on the magnet at P is (Art 34) 


Couple = 




it 


If these are identical M X — AI, thus m the case con- 
sidered the circular current u equivalent to a magnet the 
moment of which is numerically equal to the current tnem 
unite multiplied by the area of the coil face 
How let the circular current be replaced by a magnetic 
■frail of moment M. whose boundaiy coincides with the 
■wire tins shell will be equivalent to the current if If, 
s=JI, i e if MJA s= I But MJA is the moment per 
unit area, t e the strength of the shell (Art 86) , thus the 
circular current is equivalent to a magnetic shell the strength 
of which w mime i ically equal to the current tnem units 
The tr uth of the above can also be directly deduced from 
form ulae previously established Thus m Art 86 it is 
shown that the field at P due to a shell of circular contour 
is 2 where r is the radius of the face of the shell, 

ID «**• Tl ' - i .1 1 I. .. A allaMilf 4llAaIlAll 


fl «ie tjoinfc P IE a circular cunent of the same bound wy 
SSgga* * » »w™ m Art 167 twttaMd af 
is 2vr , I/a 5 , hence the two are equivalent if, numerically, 

* Safer we have dealt with the special ease of a circular 

JJ^Tfor convenience, but the theorem of the equivalent 



MAGNETIC EFFECTS OF CURRENTS. 


83 


magnetic shell u applicable to any dosed cunent circuit 
Thus it has been shown in Art 36 that the potential of a 
magnetic shell m a magnetic field is —<i>F, where ^ is the 
strength of the shell and F the flow of force through the 
contour of the shell from its negative side to its positive 
side It has also been shown in Art 171 that the potential 
of a dosed circuit canying a currant I in a magneto Add 
is — IF, when I is the strength of the current and F the 
flow of fotce through the circuit from its negative to its 
pontivende It is evident that ii 4> — I these two quan- 
tities become equal , hence the general statement that a 
dosed circuit gives nee to the seme field, and is subject to 
the same f oi cesina magnetic field , as a magnetic Adi of the 
same contour at the circuit, if the strength of the Adi t» 
equal to As strength cf As current mis units , this is 
referred to as Ampere’s themem 

If the air medium be entirely replaced by a medium of perme- 
ability n the itrength of the equivalent shell mil he pi 


X73. Work dona in carrying a Unit Pole round a 
fj mw t — From dm preceding it follows that all the 
theorems lebtmg to magnetic shells can be applied to a 
dosed circuit by supposing it replaced by the equivalent 
magneto shell. Thu”, for a magnetic shell of strength A 
Sxa potential at any point (Art 86) is given by <fiu, where 
«* is the angle which the contour of the didl subtends at 
the point Hence, the potential due to a dosed drooit at 
any p oint is Its, where I is the electromagnetic measure of 
™® currant and w the angle which the circuit Bubtends at 
the pmnt It should he noted, however, that dim is die 
potential at the point, assuming that unit pole is brought 
&om an infinite distance up to that point without passim 
thrmgh the circuit If the pole passes through theojjcrut 
oad book to the area point by a path outside the circuit, 
then die angle subtended by the circuit from points along 
the path of the pole changes from «* to 4te + », and the 
to I(4r + «), 1 • by an amount 
teJ, thus the moil done on a unit polo tn threading the 
eirraij/romttny pomf back to As same point ie 4rl,and m 
threading the circuit « times the work u 4a-2h. 
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The work done in carrying unit pole along any path 
from one point to another is called the line integral of the 
field between the two points, and the line internal of a 
field round a closed path is called the ourl of the field, 
h ence for a path linked with a cunent 
Ourl H s= 4 jtI 

It will be remembered that this relation was used in the alfcerna 
tive proofs of the form also in Arte 165 and 169 


174 (Jalvanoscopes and Galranometors.— -Instru 
mania in which the magnetic effeots are utilised for the 
fo toAfcmn of currents are teimed galvanosoopes, more 
accurate forms designed for current measurement being 

^The BinSl^tn^ galvanoscope consists of a mag- 
netic needle with a wire placed above it and m the meridian 
m. 1T1 Tirf infl q the sensitiveness of tlus airangement the wire 
To “TSTto a coil with the needle at its centre, 
“"iJShSri ngU hand rule (Art 146) will reveal 
the S^hat in such a case all the currents both above 
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and below the needle aie uigmg it in the same direction, 
and thus a weak current will be better able to produce a 
deflection 

In both these cases it will be observed that the action of 
the earth on the needle is opposing that of the current, for 
the former is striving to set it in the meridiem, whilst the 
latter is endeavouring to set it at nght angles thereto, from 
which it follows that to secure gi eater sensibility the action 
of the earth must be partially eliminated *rot« is more 
or less accomplished by emploj mg instead of a sing l e needle 
an “ astatic ” pair ; that is, a combination of two needles 
of equal length and strength (or equal “ moment”), fixed 
parallel with unlike poles adjacent* and with their ma gnaEm 
axes in the same vertical plane, and in winch theiefore the 
turning effect of the earth on one is cancelled by the equal 


l 



Fig 335 


turning effect in the opposite direction on the other The 
two methods of winding such on arrangement so as to 
form an "astatic galvanometer ”aie shown m Pig 8S5, 
by npph ing the nght lumd rule it will be seen that both 
no £d' 0i are urged in tha «ame direction. 

The const motion of n perfectly astatic pair is difficult, 
and m fact undesirable here , but if partially astatic, in 
nnicii case the eontiolhng mfluenco is mainly the toision 
ot the sui-pending fibre, a veiy sensitive gab anomoler is 
obtained, Tim deflection mnr be read either by means of 
a point ei attached to tho moving svslcnt or by the " lamp 
and «eale method explained m Art 41 


fits fijraro of sunt of 
tclul on u given hy 


any ordinary golvu»mcter m which 
a pointer moving over a ratio of 
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degrees is usually defined as the current m amperes neaossary to 
produoe a defleotiou of I s , in tho case of a reflecting galvanometer 
it is taken to be tho ourront neoessary to produeo one millimetre 
defleotion on a socle plnood one metro from the mirror of the gal 
vanometer 

Tho sensibility of a reflecting galvanometer is, however, m order 
to take various faotors into aooount, more exactly defined os the 
number of millimetres defleotion produced on a soolo one metre 
from the mirror by a current of one millionth of an ampere, reduced 
to the corresponding defleotion for the same rate of expenditure of 
energy if the resistance of tho galvanometer were one ohm and the 
period of vibration one second Mathematically, if I be the period 
of vibration, r ohms tho galvanometer resistance, and d mm the 
defleotion when the ourrent is 10“‘ ampere and the distanoe of the 
scale one metre, it can be shown that 

Sensibility = --g 
* tWr 

Galvanometers are often wound with two coils, one consisting of 
few turns, the other of many turns of wire A moderately strong 
ourrent is passed through the former, but a weak ourrent through 
the latter, for the greater the number of times it is oamed round 
the greater will be its ofieot on the needle Of course the oml of 
many turns must necessarily be of fine wire to avoid the instrument 
approaohing unwieldy dimensions 

Bio moving part of a galvanometer or other measuring instru- 
ment (ammeter, voltmeter, eto J tends to osoillate abont a mean 
position when the current is started, stepped, or varied Bus is 
often undesirable and a “damping" device is frequently intro- 
duced to prevent this undue osoillotion , the instrument is then 
said to be " dead beat " Damping is seoured by utilising (l) the 
viscosity of liquids— the moving part games a fight vane uhioh 
moves in a liquid (usually oil) , (2) oar /nefto»-the vane moves in 
air often, in oommeraial instruments, taking the form of a piston 
moving m a tube , (3) induced currents— tht moving part has cur- 
rents developed m it whioh oppose the motion 


175. The Kelvin Mirror Galvanometers —One 
type u shown m Fig 836 The coil is wound on a com- 
paratively small circular reel, B, enclosed in B, a oyhn- 
dncal brass box with a gloss front The needle of the 
instrument is a short, carefully magnetised strip of steel, 
a ttached by shellac or cement to the back of a small con- 
cave mirror, m, suspended hyasmgle silk fibre at the 
centra of the coil The deflection of the magnet is 
me asured by the mirror and scale method 
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The large “controlling” magnet, N8, supported above 
the coil, has several important uses If this magnet be 
removed, the needle of the galvanometer sets in the mag- 
netic meridian and the magnetao field in which it lies is 
that due to the horizontal component of the earth's field 
If now the magnet be replaced with its length in the mag- 
netic me ridian and its south pole pointing northwards, the 
magnetic field which it produces at 
the centre of the coil will be added 
to that due to the earth The 
needle will now he more difficult 
to deflect, and, consequently, the 
galvanometer will he less sensitive 
The nearer the magnet is to the 
cod, tin greater will this effect he, 
hence, by lowering the magnet on 
Its support, the sensitiveness may 
be very considerably diminished 
If, however, the magnet be re- 
placed with its north pole pointing 
northwards, the field it produces 
at the centre of the coil tends to 
neutralise that due to the earth , 
and hence, by loweiing the magnet, 
the field m the cod may be de- 
creased until, at a certain point, 
the field of the magnet exactly 
balances tint of the earth. For 
this position of the magnet the 
needle is unstable, end remains at 
rest in any position, and if the 
magnet he lowered still more, the 
direction of the field is reversed 
and the needle tends to turn round 



Fig 830 


through 180°. Hence, m this case, the galvanometer 
cannot he used with the controlling magnet lower than the 
position of instability of the needle, but with the magnet 
shghtly above this position the instrument is extremely 
sensitive Currents of the order of one-millionth of an 
ampere can bo detected by this galvanometer. 
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100 , 000,000 


ampere can bo detected 


176. Moving' Coil Galvanometers.— An early form 
invented by 301 Despretz and D’Arsonval is shown m 
Fig 838 The rectangular movable coil consists of a 
n umb er of fine wires well soaked in insulating varnish and 
suspended between the poles of a permanent horse-sboe 
magnet by wires or phosphor bronre strips, which ajs° 
serve to conduct the current to and from the cml. The 
lower wire is attached to a small spring, and the upper 
suspension to the torsion head at the top of the instru- 
ment” m this way the coil is maintained firmly m its 
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normal position, ms. with its plane along the lines of 
force of the field between the magnet poles. A. cylindrical 
piece of soft non 0 is supported within the cod, and by 
concentrating the lines res cuts in an intense field in the 
space at each side in which the verhoal wires of the coil 
more 

When a current passes m the coil, the latter tends 
to set itself so as to enclose as many lines of force as 



fig 888 


possible, { «. it tends to set with its plane at nght an gles 
to toe field between the poles, and tins motion is resisted 
ny the oonfaolhng couple furnished by the torsion of the 
sumension, the coil in consequence taking up an inter- 
mediate position in which the defieotaglnf contraHmg 
each other. The mduced prewnrS 
developed in the coil when it moves in the magnetic fi«M 
oppose the motion nnd render the instrument “ dead heat ” 
« some types the coil is wound upon a conducting frame 
of aluminium or silver , in such eases the mducedairrents 
(eddy currents) developed therein stall further oppose the 
motion and increase the dead-beat action of the galveno- 
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meter Further, when the ounent ceases any oscillation 
of the coil may be prevented by merely connecting for a 
moment the galvanometer terminals by a wire of low 
resistance, the damping being sb before produced by in- 
duced currents 

The direction of deflection 1b determined by Fleming’s 
left hand rule ; thus with the current passing as m 
Fig 838 the left-hand side of the coil mores “out of the 
paper” and the ught-hand Bide into it 

The law of this type of galvanometer may be developed 
as follows Let 2a be the mean width of the coil, l its 
mean length, n the number of turns, and E the strength 
of the field m which the verhca 1 branches of the coil hang 
Let a, supposed s mall, be the twist of the wire Then 
for a small additions! angular deflection 0 the number of 
tubes of force cut by each branch is approximately WOE, 
and the work done is, as m Art 171, given by 2nl WOE 
This gives the moment of the couple causing deflection as 
equal to 2nl HI ET K T denote the moment of the tor- 
sion couple for unit angular twist of the wire, we therefore 
get 2nIldE~Ta 

But 2li is the mean area of the coil If this be denoted 
by A we have nIAE = To- 

- T „ 
or 1 ~Tas 

This indicates that I is directly proportions! to the 
deflection, provided E is constant throughout the space 

in which the coil moves ' , . 

The more recent type of moving cod galvanometer 
due to Ayrton and Mather is shown in Fig 339 The 
permanent magnet is of the shape of a neaily complete 
cylinder— a very nanow air gap omy easting between the 
ii J s i-ha irtno- narrow coil mounted 


Mies Li tins gap hangs the long narrow coil mounted 
m a thm silver tube , thus the “ damping is very efficient 
The coil has no iron core, its shape and the narrow an gap 
randenne such unnecessary 

Fie 340 deplete the Crompton type, in which the sus- 
-JSL. . M W&. leXto ourmt to at 


from the coil* 
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The advantages of these galvanometers may be said to bes— 

(2) They are practically independent of the earth's magnetao field 
and may he set up in any convenient position. (2) The field m 
which the coils bang is so strong that magnetao fields due to dy- 
namos, etc , do not affect the readings to my appreciable extent 

(3) They are remarkably dead beat and are not so sensitive to 
vibration in their vicinity as those of Art 175 

If these galvanometers are intended for ballistic work 
(Art 188) it is important that the oscillations should be 
unchecked, and therefore a non-conducting frame or tube 
for the coil must be used 


177. The Tangent Galvanometer.— A simple form 
of tangent galvanometer is shown in Fig 341 It con- 
sists essentially of a circular cml of a few turns of in- 
sulated wire, with a mall magnetic 
needle pivoted or suspended at the 
centre The needle is small, so that 
the magnetic field due tc the current 
m ilie coil may be assumed uniform 
over the entire space in winch the 
needle moves and equal to the field at 
the centre of the cod. A light alu- 
minium pointer attached to the needle 
enables the deflections to be read on a 
horizontal scale graduated m degrees 
The needle, pointer, and scale are en- 
closed in the shallow cylindrical boz 
3, which is fitted with a glass cover 
Errors due to parallax are avoided by fixing a . sheet of 
nunoi glass below the pointer In working with the m- 
S Sapt the cod is 'first set in the magnetic meridian, 
bo that the needle and coil are m the same vertical plane, 
the current to he measured is then passed, and the angle 
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lie cod is and if the field is uniform in the region 
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of the n e e dle Further, the force on each pole due to the 
earth is mH dynes, JET being the horizontal component of 
the earth'B field 

Befernng to Fig 841a, it mil be seen 
that the needle is at rest (deflection a) 
under the influence of two couples— a de- 
fleeting couple dua to the cui rent and a 
coutxoumg couple due to the earth; equat- 
ing these couples we have 

F x ad = mJET X W, 


IS 


I 


I 


F = mS X — = mH tan a, 
cut 


I 
I 
I 

thH! 


te. 


W 


s= mH tan a, 


1 = 


2ni 


H tan a. 


T 


I 
l 
i 

s 

Thg 841a. 


The factor 2xn/r (which gives the field 
at the centre of the cod due to unit cur- 
rent) is called the coil constant, and is 
the same wherever the instrument is used i 
denoting it by (J, we bare 

I- tan a 

The factor jff/ff is called the reduction faotor, and it 
depends on the value of H, i 9 it vanes with the place 
where the instrument ib used , denoting it by K — 

I = K tan a 
If I be in amperes we have 

I as lOgLjr tan a = 10^ tan a = 10K tan a 


To eliminate the errors mentioned in Art 41 it is customary to 
nsd both ends of the pointer and then to mem the current and 
again read both ends, tho mean ot the four reading* gives the 
value of c 

When possible it u advisable to obtain deflections m the vicinity 
ot 45*, as in practice the accuracy m reading is then ate maximum, 
* gn en variation in tho current producing its greatest effeot in t 1 * 
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region Thus, if da be a small morease m the deflection prod need 
by a small morease dl in the onrrent, we have 

1 = K tan a, ebo j a, 

dl seo* a. 2 . 

t e -=■ — t on = — s-®® 4 

7 tan a sin 2a 

Now dljl is the relative change m the onrrent, and for this to be 
at small at possible for a given value of da the faotor 2/sin 2a most 
be as small as possible, te sin 2a must be as large as possible , this 
is so when 2a = 90°, < e when a s 46° 

The reduction factor (.S') is readily found in laboratory 
practice as follows — 

Exp. Arrange the tangent galvanometer, a small copper sulphate 
v oltameter fitted with copper eleotrodes, an adjustable resistance, 
a oonvement battery— say two Darnell's cells— and a reversing key 
as in Fie 3416 Adjust the resistance ontil the deflection is ahont 
46° Switch off the current, dry, dean, and weigh the kathodoand 



Now 


i ~JL (amperes) and I = 10A r tan a (amperes), 
z t 


v4ere * „ 0003281 (Art. 161) and! is the 'time in seconds the 
Torrent has been flowing , thus 


I w 

& = JO ton s ** * 1 I® tBn 0 
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SzunolM. 0) The tad vf a tangent galvanometer jj® 

Amu of fintmrtm a narrow mg c/S2 an radios Fmd 1 h » 
rtensUy of the magnetic Jtid at the centre 0 / Ike coil when a current 


The intensity of the magnetao field at the centre of the coil 11 

pmVl i.m 

r 

Heren m 10 s J ■» 1 irapere » 0 G S, unit ; andr ■* 22 cm 
Therefore 

* 2x22xl0xl_ 2 

h — fxaTx 15 f Mt 

(2) Calculate As reduction factor (f As tangent galvanometer re- 
fund loin the preceding question, mi find As defectum whim a 
can enl of 021 ampere would produce when passed through At 
vutrumaa 

The redaction factor of the galvanometer u given by 

Hence, taking H = 0 ISmnt, -we hare 

063 for 0 G 8 wads 

Also if a denote the deflection produced by a current of 021 
ampere, that u, 0 021 C Q 8 unit, then from 

I «= K tan a 

we hate 

* 021 *s *063 ten a, 

t “ a “ 

That iL a u an angle whore tangent u and u therefore an 
angle ofabont IS* 28* 

178. She Helmholtz Tangent Galvanometer. — This 
consists of tiro equal coils arranged as described in Ait 
108 at a distance apart eqnal to the radius of the coils 
(Fig 842) The needle is suspended midway between 
them where the field ib uniform 
As m the preceding cose, we hare 
F = mil tan a, 


M. AMD E 


81 


96 
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bnt the field in the region occupied by the needle is (Ait. 
168) Ziamljh v / ’5r , hence 



Fig 842 


=s Biff tan a 

6^5r 

Sv'gr 

" 7 ~ 32rrn' Srtan 

179. The Sine Gal- 
vanometer, one form 
of which is shown m 
Fig 843, is on instru- 
ment exactly similar m 
principle and construc- 
tion to the tangent 
galvanometer It dif- 
fers fromit only in the 
foot that the coil and 
needle box can ha no- 
tated round a central 
vertical axis, and a hori- 
zontal circular scale » 



Fig 848 
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provided on •which the amount of this lot&tion can be 
accurately read. 

Por nee the instrument is adjusted in the same 'way as 
the tangent galvanometer, bat when the needle is deflected 
the coil is rotated after it until the needle is overtaken by 
it and wt tit deflected position lies in the plane of the ecu. 
The diagram of Fig 848 shows the conditions of equi- 
librium of the needle, and as before we must have 


is 


F ab = mS. Id, 

Shnna T 
r 

J = ~ E.— =— Jlsino, 
2 vb ab 2 r* s 


: .ab = mS bd. 


where a denotes the deflection of the needle or the rotation 
of the coil , hence 

J = K . bxsx a, 

where K denotes the redaction factor of the instrument 


Example A mu gahanomster unth a short needle mu ad at a 
tangent gah anometer, snd token a gam am mi w passed through tt a 
deflection qf 80* *e produced Fmd the deflection whteJt the same cur- 
rent should produce \f the instrument trere need as asms galvanometer 

Han, when the galvanometer is need as a tangent galvanometer, 
«e hsie 

I m K tan «!, 

and when naedaa a nne galvanometer we have 

And from the co n di ti ons of the question we have 

K tan 0| a K am <4 
or 

Bat ten a, s* am a* 

therefore 

tan 80 * » sin an 
or 

75 " “«* 

That is, bj is an angle whore sum is -L or ^ STD, end u 
therefore an anglo of about 33* Iff. 
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180. The Dnddell Thermo -Galvanometer.' — -This 
instrument is primarily intended for the detection and 
measurement of very small alternating or varying currents, 
e g such as are met with in telephone circuits and in the 
receiving aerials of wireless telegraphy A loop of silver 
wire L hangs by a quartz fibre in between the 
poles N, 8 of a permanent magnet (Fig 344) 
The lower ends of the loop are attached to 

K pieces of bismuth and antimony respectively, 
the bismuth and antimony being m contact at 
the bottom Below this junction is situated 
the heater, which is a filament of wire or a 
quartz fibre platinised, these heaters are of 
various resistances from 1 to 1,000 ohms 
When the current passes through the heater, 
part of the heat developed is radiated to the 
bismuth-antimony junction, the result is (see 
Chapter XV ) that another current is set up 
mded loop in the direction bismnth to antimony 
le junction of these two, and the loop is de- 
flected just as in the case of the monng coil galvanometer 
The deflection is road by means of the mirror If, and a 
lamp and scale, it is proportional to tbo square of the 
current when the heater is central under the junction 

181. Shunts and Shunting. — To reduce the sensi- 
tiveness of a galvanometer or to 
prevent damage to the instrument 
it is frequently neoessarj to send 
only a portion of the current 
through it, this is effected by con- 
nectrag the galvanometer terminals 
by a wire termed a " shunt ” (Kg 
345) 

If I be the total current, I, the 
portion in the galvanometer, L 
the portion in the shunt, 0 the galianometer resistance, 
and 8 the resistance of the shunt, th»n (Art 157) 


Bi^)Sb 

HEATER 
Fig 344 

m the bus 
through 


W 


Fig 31" 




I, _ S 
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** r ‘ = <rfs (I, + I ' )= '5Ts‘ i 

and I~ A . 


( 1 ) 

( 2 ) 


Thus from (1) we learn, that the current in the galvano- 
meter is obtained by multiplying the total current by the 

O 

factor , and from (2) that the total current is 
obtained by multiplying the galvanometer current by the 

ff i a 

factor — - — , this latter factor is often denoted by m 


and is called the mefttplynig 
power of the shunt, thus 




... . ( 8 ) 


To send 1/10 only of a current 
through a galvanometer the mul- 
tiplying power of the necessary 
shunt must be 10, and substi- 
tuting this for m m (8) we find 
that B = ^6, t «, the shunt re- 
sistance must be | of the gal- 
vanometer resistance Similarly 
tfor of a current or of a 
current may be caused to 
through a galvanometer by using 
shunts having resistances and 
■4v respectively of the galvano- 
meter resistance A shunt box 



Fig 846. 


designed to meet these 


requirements is shown b Pig 846, by mseitmg a plug in 
»oy «» of tbe three holes any desired shunt is put amiss 
«ne galvanometer teiramols Such a shunt box can only 
ne used with the particular galvanometer for which it is 
constructed* 
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The insertion of a shunt evidently reduoes the total resistance in 
the oiromt by an amount 


0 - 


OS 

o+s 



6 

m 


This measures the additional resutanoe which must be put in the 
main circuit to keep the total resistance and total ourreutas before 
In constant total current ehvnte the 
insertion of a shunt coil throws auto 
matioolly this requisite resutanoe 
into eirauit 

The principle of Ayrton’s “Uni- 
versal” shunt box, trhioh may be 
employed with any galvanometer, 
will be understood from Fig 847 
With the lever on stud 1 the whole 
of the nhunt coils are employed, and 
the ourrent in the galvanometer is, 
by (1) shove, 

of the total ourrent 

When the lever is moved to stud 
10 the 9,000 ohm ooil is inserted in the galvanometer branch end 
the shunt employed is of resistance 1,000 ohms , the galvanometer 
ourrent is now 

1^ i e ..ffii? of the total current* 

(0 + 9000) + 1000 ’ 0+10000 

or A of the galvanometer current in the first case 
Turning the switch to stud 100 Will result in a galvanometer 
ourront yju of the first and so on, and olearly this is true whatever 
may he the value of 0 



Exercise Show that if o battery of very low resistance he con- 
nected to a high resistance galvanometer and the galvanometer be 
then shunted the deflection will remain prsoticolly unchanged. 


182. Mutual Action of Currents. — If we place 
two flat spirals of wire a short distance apart with their 
axes m the same straight line and pass currents round 
them, then (provided they have suitable freedom of move- 
ment) they are found to approach or recede from one 
another, thus indicating respectively attraction or repul. 
■non, according aB the currents circulate round them in the 
f awA or in opposite directions Bearing m mind that the 
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current renders each spiral piaoiacally a magnet, and also 
the fnn^ftnwmtn.1 law of electromagnetic polarity, it is easy 
to see that these actions an m accordance with, the laws of 
attraction and repulsion between two magnets 

Ampdre demonstrated m the case of straight cmraita 
the following laws — 

(1) Two pakaulbl currents attract or repel one another 

according as they flow m the tame or in opposite, 
direction. 

(2) Two wiw. PAWAT.T.wT. currents attract one another if 

loth approach or both recede from the point of 
meeting of their directions, while they repel one 
another if one approaches and the other recedes 
from that point 

These laws an illustrated in Fig 848, which the 
student should carefully study In the lower right-hand 



Rtpalnon. Altmatten Bspahsan Attncbon Attraction 



Fig 848 


figure the vertical current attracts the portion AM of the 
horizontal one and npels the portion MB, bat since AM is 



102 


MAGNETIC EFFECTS OF COBRENTS 


longer than MB there is, on the whole, attraction , if M 
were the middle point of AB the total force would be nil 

The experiments whereby Amp&re’e Ians are established merely 
consist in having two oiromto, one bred and the other movable, 
placing them m various relative positions, and passing currents in 
sundry directions Ono form is indicated on the left of Fig 348 , 
the movable ooil is bent in the form of two reetangleB m such a 
way that the current flows through them in opposite direatianB 
(thus nullifying the efleot of the earth on the apparatus) and the 
ooilwsuspondea from the merouiy oops 0, 0, on bringing the second 
current-cany wg circuit into vanous positions the laws may he veri- 
fied. The truth of the first law is also evident from the distnbn 
tion of the lines of force shown in Figs 294 and 290 


I 


183. Posce between two infinitely long Parallel 
Conductors and between two Coaxial Coils.— Let I 
and 1, bo the currents m the two conductors 
M end N (Fig. 849) The field at any point 
in N due to the current in M is equal to 2 I/d, 
where d is the distance between the conduc- 
tors and the dnection of toe field is at right 
angles to toe plane of toe conductors The 
tl force per unit length exerted on N in tbs 
uniform field of intensity 2 I/d is (Art 170) 
given by toe product of toe ourrent, the field, 
and the length considered, hence 


Mk 


d 


l 


Fig 849 


Force per unit length = 


( 1 ) 


Similar ly for the force on M due to the 
current in N, and by applying the hand rules 
previously given it will be found that the force is one of 
utt wmtinri if toe currents are m toe same direction and one 
of repulsion if they are in opposite directions 
Consider now two equal coaxial coils, A and B, at dis- 
'tence d apart, carrying ounents I and I, The force on 
unit length of B due to A is 2 UJd and toe total force on 
B is toe product of tbs and the circumference , thus, if r 
he the radius, 

Force =s X 2ar z=^~' 
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the movable ooil and the other to the torsion head T, the 
latter cames a pointer P, which moves over a graduated 
scale $1, Jr ate mercury cups arranged one above the 
other, into which the lower ends of the moving coil dip, 
and through the medium of the upper cup the two cods 
are put in senes. A pointer P, is also attached to the 
movable coil, its tange of deflection being limited by the 
two stops h, h The instrument is set up so that theplane 



% 861 . 


of the moving coil is perpendicular to the meridian, m 
which position the earth will have no tendency todeflectit 
When a current passes, the mutual attractions and re- 
pulsions tend to set the moving coil parallel to the fixed 
one, and the torsion head and pointer P are turned m the 
opposite direction to the deflection until the pointerP, is 

S at zero If I he the current and 6 the angle through 
P is turned, 

Couple between the coils « I*, 

Couple due to torsion oc 9, 
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and since these balance each other— 

I*« $, it Iee'/5, 

I ■> K<fb, 

m •which K ib a constant which may be determined by 
passing a known current sad noting the value of 8 
Reversing the current will nob alter the direction of 
deflection, sir it will be reversed m both owls, the instru- 
ment can, therefore, be used for alternating as well as for 
direct current*. 


188. Weber’s Electrodynamometer.— In this instm- 
mautacnuiU.cniIuQOiiiiSQtodinsenastn.tba larger fixed 
coil and suspended at the centre of the latter by means of 
a hilar suspension The current is led to and from the 
small coil by means of the suspension When no current 
flows the axis of the email cod u in the meridian and at 
nght angles to the axis of the large ooil When a current 
fiowB the email cod tends to set itself coaxially with, the 
large one, and this tendency is opposed by the action of 
the i earth (if the moving ooiThaa its north face north- 
wards) and the bifllar suspension, the email cod finally 
hung up a position m which the opposing couples 
boJance. The aids are frequently arranged after the 
nuunier of the Helmholts galvanometer as shown in Pig 

large fixed coil, I the 
4 if* S2 ae * BaU “ovable cod (total 

««*n* of the max BUS- 

feSn iST** ■* •> *• 

Thed^ectmg couple u QZM cos 6 , (compare Art 1 W, 
*“■ V* * **“ ain x «®o«i « - QPA cos «, Since 
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Pig 852. 
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QPA 008 flj = ATS Bin Q x + K sm 6,, 

Q PA 

. ^ * _ qpa _ ~r~ 

_ GI*A PEGd* 

“ "1? W~ * * w 

Now reverse the current and let 0, be tie deflection 
The deflecting couple and the controlling couple due to 
the bifilar wul act as before, but the couple due to the 
earth will be reversed ; hence 

QI*A cos 0 S =— ALE sin 0, + K sin 0„ 

, . . „ _ QPA , PBQA' rtl . 

Adding (1) and (2) — 

P = §32 (to* fl, + tan 0,). 

1 «• I — fcVtan 0, + tan 0 t 

By passing and rereismg a known current Tt can be 
determined 
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fine copper wires, winch also serve to lead the current to 
and fiom the movable coils With current passing as 
indicated it is clear that the beam will tilt upwaids on the 
right, the left-hand Bide falling A horizontal scale ib 
fixed to the beam, and by means of a suitable sliding 
weight, which can be moved along the scale by means of 
cords and a corresponding counterpoise placed m the 
trough T on the nght, the beam can be bjought to its 
7-m+.in.l position and the current calculated from the position 
of the sliding weight and the known constants of the in- 
strument Each sliding weight has its own paiticular 
counterpoise, the latter being so constructed that it keeps 
the V»m horizontal when no current is passing and the 
hiding weight is at zero on the scale Clearly, if the slid- 
ing weight bo at distance d from zero when the beam is 
biougbt into the horizontal, the lestonng couple is pro- 
portional tod, the couple dne to the current is proportional 
toP, hence 

Pad, te I<x vd, 

I -E-Id 


Each instrument is fitted with two scales, b feed one of large 
divisio n s , the readings of whioh are proportional to the squat e rot* 
of the distance from vara, and a movable fine scale, whioh is used 
when neat accuracy is required, each number on the fi\ed scale 
fcoSif) the square root of the number coinciding with it 
™ 4e fine scale Thus if m o test the pmnter is not exoetly 
tolow one of the divisions on tho fixedsoale, the fine scale reading 
is taken if this bo 301, then, since s/SUI == 17 35, the true reading 
5 the fixed scale is 34 7, and this numbei multiplied by a par 
“X Sant supplied uith the instrument gives the current 
S. general appearance of the instrument is shown in 

Fig 35 la 

'There ate many types of these balances, all alike m 
pnmS, differing slightly in construction according 

to them purpose 
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moving pert of the instrument The other end of the ocul » 
sumlariy attaohed to e second hair spring, 8, seen m the lower 
pert of nie figure These 

springs are coiled m op- _ 

posits direabans , they * 

lead the eurrent to ana 
from the coil, and fnr* 
msh the oontmQmg 
ample which balances 
the defieoUng oonple 
when a currant passes 
The prumple of action 
it that of tbeD’Arsonval 
gahonometer The m- 
aUumenta axe deed beet, 
damping hemg doe to 
mduoed onrrenta m the 

Bilitmitfl ttwt fmmft 

W a t tm e ter s indicate 
the rate m watts at 
winch energy is being 
utilised m any part of a 
circuit, i e they measure 
tih« M rower* 

Wattmeter (Fig 360) u idaohoal m principle with Siemens’ else 

tzodjmamometer (Art 184) 
The moving cod (7 (Fig 300) 
is of low resistance, and is 
inserted in the mam ouorat; 
the high resistance fixed cod 
Fib joined a* a shunt to that 
part of the mnrait for which 
the power consumption is 
required (a lamp L m figure) 
The planes of these emu an 
at right anklet On dosing 
the circuit the mam eurrent 
/ passes through the moving 
oo U, and a small current mo* 
porbonal to the voltage fat 
the lamp terminals passes 
through V. The turning 
moment is proportional to 
the product of these currents, 
i e proportional to El ortho 
u atts expended in L When 
the moiahle coil is brought 
. . . . . heck to its normal position 

oj turning the torsion head and its pointer through an angle iF* 

m aw» r 32 
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say, the turning" moment is balanced by the torsional moment, whiob 
is proportional to JOP Hence 

Mot IP, 

* e Watts expended in L = ED, 

where E is the constant of the instrument, which must be deter- 
mined experimentally. (See Technical Electricity, Chapter XXlll ) 


X88. She Ballistic Galvanometer : Moving Magnet 
Type. — A ballistic galvanometer is an ordinary reflecting 
galvanometer with a moving system of large moment of 
inertia It is used for measuring the quantity of electricity 
passed through it not as a continuous current but as a 
sudden discharge, and the moving system, has a large 
moment of inertia, so that it may be slow in beginning to 
move under the impulse of the sudden discharge, and will 
therefore not have moved appiemably from its position of 
rest during the tune the discharge tabes to pass through 
the galvanometer. Further, in these instruments damping 
must be as small as possible, and for what exists a correc- 
tion must be made (Art 190} 

Let Q denote the constant of the galvanometer coil, 
JET the intensity of the control field, K the moment of 
inertia of the needle, and if its magnetic moment If the 
current at any instant during the discharge has the value 
I, then IQ is the strength of the deflecting field, ana, if 
the needle is supposed to bo inappreciably deflected from 
its position of rest during the discharge, IQM is the mo- 
ment of the couple tending to deflect the needle ^ 

The ffngnkr acceleration due to this couple is — and, 


therefore, during the very short fame, Sf.for which thecunent 
has the value I, the gam of angular velocity is -g- St 
During the whole discharge, therefore, the angular velo- 
city imparted to the needle is given by Z —St, the 
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where Q denotes the total quantity of electricity discharged 
through the galvanometer Hence w, the final angniar 
velocity of the needle, ie given by 


or 



K* = MQQ 


0) 


The kmefac energy of the needle is given by \Ka? t and 


to the control field E daring the collection throw” of the 
needle Let a he the angular deflection of the needle 

Then JJBTm 5 = ME (1 — cos o) 


or 


TCu? — unr nm , -L 


( 2 ) 


for ME a -cos a) u the work done in deflecting the 
nmnll needle through the angle a in the field JET 
Now if t denote the tune of the swing of the needle 


t = 2v 


V: 


and theiefore 


K= 


MEP 




• ( 8 ) 


Combining the relations (8) and (8) we get 

or 

*■ 2 

Substituting the value of Km given by (1) m this, we 
get MGQ=^ism± 

or 0=®8m|. 

Thus the quantity of electricity discharged through the 
galvanometer is proportional to the erne of half the angle 
of the first swing of the needle If the defl e cti on ©ftha 
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spot of light on the scale be d, and D be the distance between 
the minor and scale, <2/427 may be used for sin ~ and 



d 

W 


189. The Ballistic Galvanometer : Moving Coil 
Type — If l be the length of the vertical side of the coil 
(Pig 338), JET the field in which it hangs, and I the cui- 
rent at any instant, the force on each vertical side is 121 
(Art 170) and ISIb is the deflecting couple, where b is 
the breadth of the coil, but lb is the area A of the 
coil, so that the deflecting couple is ISA This takes the 
place of IOM in the pieceding investigation, and proceed- 
ing as before we obtain m place of (1) the expression 

Koi = HAQ W 

As in the previous case, the kinetic energy is but 
in this case the coil is brought to rest by doing work m 
twisting the suspension 

If c be the couple due to unit twist, co u the couple due 
to twist a , the viorh done for an extra twist do. is e a da 

and the total work for a twist <* is j e a da, te 


hence 


. Bnt from (4) 


PV = ica\ 




jS?A 2 Q= _ oo? 

~K‘ 2T 

S 

Q =^?j» ea 


(«) 


( 6 ) 
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Again , the time t of a torsional vibration is 



le e 


— substituting in (6), 

* Mr 


e= 


HAt ’ 


e* 


or putting K = — ^ 


Qs=_£* a. 

V SirJSM 


In this case the quanhty » therefore proportional to the 
first angular smug a and not to the sine of half the angle, 
as m the previous case Further, in this case S is the field 
to which the deflections are due end it appears in the de- 
nominator; in the previous ease JET is the controlling field 
end it appears in the numerator. 


100. Correction Sox Damping an Ballistic Galvano- 
meters. — If great accuracy is not requned we can pro- 
ceed as follows Let % he the first swing and <* s the next 
swing of the needle in the same direction. Then the dif- 
ference, d| — oj, is due to the damping during four such 

successive swings and therefore is approximately 

the correction for damping during the first swing. Hence 
the collected value of the fiist swing ie 

a.. 


A more eoomwte treatment is as follows.— If a, a, a, . . be roo- 
cesuve swings to tyl and right it is found that 

— = ^ = — ■=* ess constant » k 

*i *i •< 

This constant l Is called the decrement, and log* l is called the 
logarithmic decrement and is denoted by V ; thus lo&l = y, t « 

1 * e * , hence 

fLssJb ab.,7 

«3 «** 

Now the decrease from a, to a, takes piece in half a complete 
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■nbtahon and I «,/o, = e\ Clearly for a whole vibration a ,/e. = 

, ThU8 .^ * be the observe! first swing and ? what it 
wowd have been if damping had been absent, then, os the period in 
question is a quarter vibration, P 


a’ 4 , y 

!< = 1 + J.+ terms in y' and higher powers 
a 1 +-~j ernee y is always small, 

• «‘*=«(l+-|) 

Xhns to eorreot for damping the observed swing a most bo multi- 
plied by the factor ^ 1 + , the final expressions for the two 

types of galvanometers are therefore 


Exeroisss ‘*tt . 

Section B. 

(1) Determme the resistance of a shunt which when joined to a 
galvanometer of resistance 8,803 oh me will result in of the total 
ancient passing through the galvanometer Determine also (a) the 
joint reeutanae of the galvanometer and Bhunt , (i) the external 
resistance whioh most be added when the sbtut is applied, so that 
the total ourrent may be unaltered 

(2) The resistance of a shunted galvanometer is 76 ohms, that of 
the shunt being 100 A certain deflection of the galvanometer is 
obtained when the resistance in the rest of the oinomt is 2,000 ohms 
Bind what additional resistance mast be inserted that the galvano 
meter deflection may remain the same when the ahontia removed 
What is the multiplying power of the shunt f 

(3) A circuit contains a battery of 1 ohm resistonoo, a reflecting 
galvanometer of 4 ohms, and other oondnetors of 2 ohms resistonoo. 
Mie galvanometer deflection is 100 divisions Whet will the de 
fieotiou ho (if deflection u proportional to entreat) when the 
galvanometer is shunted with a 4 ohm ooil T What is the multiply- 
ing power of this shunt f 

(4) A oeh anometer of 4 ohms resistance is in a mronit whew the 
total resistance is 80 ohms Thesnlvanometor is then shunted with 
a 4 ohm coil. Find the ratio oF the ourrent m the gah anometer 
before and after it is shunted. 
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Seotaoa. 0 


(1) Experiments are to be arranged to find out how a conductor 

carrying an electric current tend* to move m a magnetic field What 
experiment would yon arrange ’ (Inter. B So) 

(2) How nay tin intensity of the magnetic force inside a solenoid 

he approximately calculated * What is it in one of 800 toms, IS 
em long, which carries a cu rr e nt of 04 ampere} What effect has 
the diameter of the Bolenoid * (Inter. B So ) 


(8) Krpiain how the entrant in a tangent galvanometer properly 
arranged is proportional to the tangent of the angle of deflection 
Describe some fotm of tangent galvanometer, and explain how the 
sensitiveness oanhe vanedby suitably placing a magnet outside a 
galvanometer (Inter BSo) 

(4) How would yon show by experiment tint the magnetic field 
dne to a plane entrant rnrornt, at any distance great compared with 
the diwitttmona of tin emmit, depsode not on the form but Only 
on the area and tin entrant, and that it la equal to tint of a certain 
magnet set with axis perpendicular to the plane of tin circuit * 
Show, by ootmdenng the ease of a plane circular current, tint the 
moment of the equivalent magnet u (area X current) 

(Inter BSo Hons) 

(SI State tin roles by which tin ferae acting cm a eondnotor 
carrying a currant in a nngnetao field can be determined. A 
vertacalommkr ring, radius o, oarxymga current t, is m equilibrium 
in the earth’s magnetic field when perpendicular to tin mendum. 
Bind the work required to twist the nng round a vertical axis until 
its plane coincides with the meridian (B So ) 

(0) Define the ampere and find the direction and intensity of the 
ferae on a mroular oml of n tarns wound dose together through 
which a entrant of A amperes is flowing dne to a magnet whose 
poles he on the axis of the oml (B 8o ) 


(7) Deseiiha the ccustruotion of the moving oml gal vanometer , 

and explain how, with the ad di ti on of a shunts it oan do u sed as an 
ammeter for large currents. (BSo) 

(8) A small rah anometer needle swinging freely under the earth’s 
fom done makes three oscillations per second. The oonted mag - 
net of the galvanometer is replaced and adjusted until the "■xdy 
makes one oscillation w 8 seconds A millimetre scale is fit ted at 
a distanced, matte from the mirror Find the intensity of the 


-n.snwuouwuump wam ui wre gaivanomwer aue to amt current, 

r, w5*£n“ I0 Tf f^ re P roduce » deflection of SO divisions, the 
idne of E hang 0 172 (B 8e.) 

W Two single needle galvanometers, A and B, an made geo- 
tespeote, thehne&r dimensions of A bemg 
n times those of B. The magnetic fields are so adjusted by exterior 
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HEATING EFFECTS OB CURRENTS 

191. The laws of Heating Effects of Cnxxents: 
Theoretically. — The unit of heat u the calorie, defined 
as (he quantity of heat required to roue the temperature of 
one gramme of pure wafer from 9|° 0. to 10£° 0., but foi 
practical purposes it may be taken as the heat required to 
roue tte temperature of one gramme cf pure water one 
degree Centigrade Heat ia a form Of energy, and the 
mechanical equivalent of heat (J) nay be defined, ra 
thin connection, u the number of unite of energy which t» 
equal to one calorie ; experiment has proved it to be 
42 x 10 1 ergs, thus 

1 calorie = (42 X 10 7 ) ergs = 42 joules, 

1 joule = 24 oalone 

It u in order to have the statement 1 calorie = (42x10*) em 
tmt (Rowland’s work on /) that the oahne u defined above fora 
temperature range ofUfCJ to 10J° 0 
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cuneut flows in a conductor, the laws relating to the 
development may now be established with exactness as 
follows — 


Consider a ourrent- carrying wire , let E denote the P D and 2 
the current, both in eleotromagnetio units, and let t denote the 
time in seoonds during whioh the current flows , then (Art 153)— 
2ff = energy (in ergs) appearing as heat when unit eleetromag 
netao current flows for one second 

El — energy (in ergs) appearing as heat when I electromag- 
netic units flow lor one secondf 

And Bit sb energy (in ergs) appearing ae heat when I electro 
maenetio unite flow for t seconds 
Now the meahamoal equivalent of heat ie (42 x 10 7 ) ergs per 
oolone , henoe if S' be the heat in calories in (he oase above, 
(4 2 x 10 7 )IT ergs will represent the total energy appearing as heat 
m the conductor Clearly, then, 


(4 2 x lO 7 )!? = Elt , 


24 ^. 


Henoe, when a current of / e m units flows for t seoonds between 
two pomte of a conductor where (he P D is B e m units, (he heat 
produced is given by the expressions— 

Bit _ 


Heat in calories = 


\B.10 7 ’ 


Heat in ergs = Bit = I 1 lit - 

B being the resistance of the oondnotor mem units 
H the P H be N volts and the ourrent I amperes, then, smoe « 
volts are equal to (2?X 10 s ) eleotromagnetio umta and l am perm 
ore equal to (2x^1 deotromagnebo umte, (he first expression 
above becomes 

n .B X 10 s X I X ^ X j - 24 Elt 
- ** Jo 7 

Hence, when a current of I amperes flows for I '"■g***"* 1 
two points of a oondnotor where tea PD uE volts, the heat p 
dnoed, in oalones, ia given by (he expressions— 

Heat in oalones — 34 Bit ** 24 PBt 1 




E bemg the resistance of the oonduotorm ohms 

joule is equal to -24 oolone, the heat produeed in joules » gi 

the expressions — jjp 

Heat in joules = Bit - I 1Jit = 
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Any of fie above may be taken as the mathematical 
statem ent of Joule's lav relating to the h e ati n g effects of 
a current, it is customary to take the second, vhicih em- 
bodies the facts that — 


(1) The heat produced is proportional to the square of 


(2) The heat produced is proportional to the resistance 
(8) Tha heat produced is proportional to the time the 
current flows 


192 The Lam of Heating Effects of Currents : 
Experimentally. — The lava given m the preceding sec- 
tion may be verified experimentally as follows — 


Exp 1. To taffy that the heat produced u 


fumed to the 
m Vig 357, 


meter of known redaction tutor, and O a 
calorimeter. The latter (Jig 857a) h a cop- 
per pofc containing water, m which u im- 
mersed a spiral of Qcrman mlrer wire, the 
ends of which are attached to two etoat oopper 
hods, a, b ; through the stopper also pass a 
stirrer 8 and a thermometer T, graduated, 
■ay, in fifths or tenths of a degree The 
calorimeter C ehould be htmg by threads inside 
a larger comer pot, and tine inner snr&oe of 




the latter and the outer surface of 0 should he smooth and polished 
(In Fig 357a On drawn os if transparent, to show the unde) 
Note the tempera tare of the water, and then past a current J, 
for, say, 5 minutes, stirring the water and keeping toe current 
constant ; note the rue m te m perat ur e of the water, taj flj* Now 
cool the water down to approximately the enme temperature es it 
had at the beginning, and repeat the experiment with a different 
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current, I„ flowing for 6 minutes , note tho rise m temperature, S° 
Since the mass of water and other conditions are constant, the rise 
m temperature is proportional to the heat produced, and it will be 
found that 


Ox 





t e tho heat is proportional to the square of tho current 


Exp. 2 To itrtfy that the heat produced by a current is propor- 
tional to the reeutanee —Arrange two Joule's calorimeters, A and B, 
and a battery in Benes Tho aalonraoters must be exnotly alike, 
and contain equal quantities of water, but tho heating spirals must 
be of diflorent lengths, so that tho resistance of tho spiral in A is, 
say, if] ohms, ana that in JJ, say, J? 9 ohms Foss tho current for 
fi minutes, gently stirring the water in caoh calorimeter Note the 
rise in temperature of A (0,®) and of B (0 9 °) Tho same ourrent has 
passed for the same time through both, ana it will be found that 

A = 

0 t “T8T 

i e tho heat produced is proportional to the resistance 
An extension of Exp 1 enables tho \aluo of J to bo determined 
experimental!] 


Exp 3 To determine the Mechanical Equivalent oj Bail — 
Arrange as in Exp 1, placing a known mass [M grm ) of water m 
tho calorimeter , tho anrront must be kept constant throughout tne 
experiment If 1 ho the current in o m units, It the resistance o 
tho coil mem units, and t the timo in seconds tho ourrent passes, 

J'Rl 

Heat in ergs = I*Bt, Heat in calorics •» —j~> 

where J is the meohanioal equivalent (ergs wir calorie) 

Again, if la 'bo the water equivalent of the calorimeter. Heater, 
atirrer, and thormometer, and 0° tho rise in temperature— 

Heat in calones * * (df + w)ff, 

■ £** - (JF + to)0, ieJ - q 

Many preoautions and oorrcotions (radiation, cto ) era necossoiy 
for an accurate determination 


193, Bise in Temperature of a Wire due to the 
of ft Current -Joule’s law refers to the heal 
S& in a conductor, and though thensain^jP^- 
ure certainly depends on the amount of heat derelope , 
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sundry other factors exert an influence It is obvious 
that were equal amounts of heat communicated to two 
wires, A and B, of the same material, the former bemg 
short and thin, the latter lone and thick, the rue in 
temperature of A would be gi eater than that of B, since 
the quantity of matter to be raised m temperature is 
Bmallei m A than in B. Again, each wire would be 
losing heat by radiation from ita surface, experiment 
abowB that, other things bemg the same, the greater the 
surface area the greater is this loss, and, further, the 
radiation is affected by the nature of the surrounding gaa 
and its presauie, and cy the character of the surface, black 
bodies, for example, emitting radiation more freely than 
white or transparent ones Yet another factor, the 
capacity for beat of the material (» a the beat required to 
raise ita temperature by unity), exerts on influence , thus, 
if the same current flows through equal pieces of plati- 
num and copper the heat developed in the foimer u about 
seven times that m the latter, since the specific resistance 
of platinum is about seven times that of copper (annealed 
m both rases), but the temperature elevation of the 
platin u m is more Aon seven tunes that of the other, for 
its capacity for heat is only about three-fifths that of an 
equal volume of copper 


Oonndw now a wire throe gh whioh a current is flowing He 
wodcciMfla of neat is aooompamed hy a rise w temperature nnfii 
flnafiy a steady condition is readied when the heat loti per second 
(ftp radiation, condttdion, and convection) it exactly equal to the heat 
gained per etcond By Newton’s Law of Cooling, if 3*0 be the 
elmatioa of temper* tare of the wire above the enclosure, the heat 
lowpw second u proportional to 3", and experiment proves it to be 
proportions! also to the surfaee area of the wire Ifdom.be the 
diameter of the wire ita oireomferenae is «d om , and if Z em be ita 
length ita surface area u nB sq em - *■ 


Beat lest per second » rdlT, 

» » „ ■ ardlT oalones, 


»We a denotes the ’’emissmty" of the material, and may be 
>»»* (m oataes) radiated in one seoond fromnmt 
ewrtoswels tte temperature difference between the body and the 
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A(pun, if / be tho current in amperes and if the resistance of the 
\uro in ohms, 

Heat gained per second m Oil'll oalones 

Hence— 


ardlT = 24/>Jf, 

irhoro 8 is the specific resistance of tho material , 

.T-mfg ..m 


and 

Thus— 



( 2 ) 


(1) With a given current the elevation of temperature 
does not depend on the length of the wire 

(2) For the same current the elevation of temperature 
is directly proportional to the specific resistance and in- 
versely proportional to the cube of the diameter (hence 
the high temperature of very thm trues) 

(3) The elevation of temperature is proportional to the 
square of the current strength 


194. Wherever Work is done in the External Cir- 
cuit other than the Generation of Heat a Bach 
E.M.r. is developed. — Let be the EMF of a 
battery, B the total resistance (external and internal), and 
I the currant in the circuit By the action of the battery 
a quantity of electricity I is, m one second, raised m 
potential to tho extent E, and therefore the wort given 
out by the battery per second is El, the battery supplies 
tins energy per Becond at the expense of the chemical 
energy of the materials consumed in it 
Now the eneigy appearing per second as heat in the 
circuit is PR, and if to represents the eneigy per second 
devoted to other work (say chemical or mechanical) we 
evidently have 

El = PR + to, 
te E = IB + -j- 

But IR , the product of the current m the circuit and 
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the resistance of the mromt, is, by Ohm’s Law, the sffsc- 
tive EME m the circuit, denoting this by S'— 

H = E' +—, 

ie E = E- ~ =E -e 

Thus in cases where then is work other than the genera- 
tion of heat, the effective or resultant E IIP. ( E) is less 
than the actual E JTP. (2?) by an amount s, where 
e = « /I, in other words, there is a lack BMF, «, and 
the actual ounent is given by the expression 



If « is zero, then E — IB, i e I =t E/B 
Again, since e = to /I, t p — el, hence we have the 
result that the power expended tn additional work (le 
after than the generation of had, eg chemical decompo- 
sition) is gwen by the product qf the Sack EMF. and the 
current strength 

Example A cornier suLphnts tat has a resistance qf 014 ohm 
and a polamaltm E II F qf 3 volt The total current required u 
1,000 ampere* Fad (he total watte supplied to the tat 

Watt* spent m heat in the vat = Pr ~ (1000* x 014) 

Watt* expended in dieaneal work »tT-(3x 1000) 

Total watts supplied to the vat — (1000 ! x 014) +( 8x1000) 

= 14800 watts 

In dealmg with the conservation of energy in a circuit 
there are thus three essential points to take into account 
These are — (1) the work done in the battery, (2) the 
work done (if any) m the external circuit, and (8) the 
energy of the current Of these the first— the ehmmwfl 
work done in the battery— is the source of energy in the 
circuit end gives use to the other two, which are, there- 
foie, together equivalent to it The chemical woik done 
in the battery per Becond is really the mechanical equiva- 
lent of the neat which, would be generated by the total 
chemical action going on in the battery in that time, and 
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is equal to El , of this a portion el is spent per second 
in additional work, while the remainder EI — eI=. 
I(E — e) — I 122 = PR is spent in maintaining the 
current J in the circuit, and appeals os heat per second 
m the ciicrnt Thus all the energy of ike current is dis- 
sipated os heat in the circuit, though all the work done 
w the hattay may not be spent m producing current 
dearly if, say, the chemical work to be done in a volta- 
meter is equal to or greater than that which can be done 
in the battery, then no current will flow This explains 
why a single Dnmell’s cell cannot decompose water the 
energy necessary to decompose water into oxygen and 
hydrogen is greater than that supplied by the chemical 
action going on in tho Darnell, or, m other words, the back 
E M F due to polarisation in the voltameter is greater 
than the BMP of a single Darnell 


195. Theorems. — Some important theorems follow 
direct from the matter of the preceding section — 

(1) For any given value of additional work (w per second) 
there are two current values 
With the previous notation we have 


i e 


El — PR + w, 
PR — El 4 - to ss 0, 


.-. 1 = 



E } _w 
W R’ 


This expresses the two values of I corresponding to any 
one value of to 

(2) There is a maximum rate of additional work w, and 
ths i8 equal to one quarter the lafe at which energy would 
be given out if no additional work were done 
The expression for I may be put m the form 



-w 

* R 


R 


!= 4 |± 
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Now if w exceeds 



the expression tmder the root 


sign becomes negative, hence the greatest value witch w 

1M 

can have u J j r But is the rate at which energy 

would be given oat if no additional work were done, all 
the energy bemg dissipated as heat, which proves the 
theorem 

It should be noted that when w has this maximum value 

s 

I — \ -g-, i e the current is half the current that would 

flow if no additional work were 
done 

Note— B y taking a numeri- 
cal example and working ant the 
expression for I with varying 
values of w the above may be 
shown graphically, this is done 
m Fig 318, values of w being 
token as ordinates and values of 
las abscissae 

When w = 0, 1 = 0 or g 
(= OA ) , whan w = OB, I = EF or EG , when w = 
i~( = 00),I= i^.(=OB = OD=:^OA) 



196. Battery Efficiency.— The efficiency of a battery 
is defined as the ratio qf the power m the external circuit to 
the total power developed If the external oircut does not 
contain any arrangement involving additional work (eg a 
voltameter) the whole of the power outside appeals as 
heat; hence if r he the internal and R the external resis- 
tance. 


PR _ B _ Terminal P D 
'jPCB + r) B + r HlF 
Thu is nearer unity (100 per cent ) the smaller the value 
of r 

If the battery has to do useful work — say ehnmmn'1 de- 


u Anns. 



13 


itrxrutn trtrrv n i rrrrrtr* 


romiHiiitinn — * hr* rfliri»*w\ oj the ty 1 ™ i n* fors l«» Ilf ratio 
of thr ;'<wrr fp>ni in if. i« Vfjnl vnrl /■> Iff tot.il i-oirrr, 
hence if if 1m iln* te # d/ rf'iii lam^ntnl »• (lt<* If icL K M F», 


IlfliPl'MCT ~ jL rs 


rr - roe 

7;/"“ 



/* 



p 

x< Meaner = f, a ii-—- 

// 

‘it 

jrpncF' — 

(1) lit" pflierenry become* n Maximum (» c umh or 
I Oil jvr rent } tihnn tin* curn*ut / Ixienmea ?oro, of cmirre 
in tlii<i « t«« (iif ii«»*fiil work it ml 

(2) Tin* i*niPi**iiej lippojnot n inmunutn, 1 r ren* nhen 

p 

/ zs j~, it when r It roro, (he useful work it ng-un nil 

JJ 

(Jl) 'JVro it wum-iimmi poir/r (u?) vhen I— 

195, Theorem 2) , th* tjjirimcu if then 1/2 or SO j nr cent 
nml (ho hick K 5f J\ e ss jl7. 


19?. Calculation of E Iff. F. from Titormo-Chemical 
Bata — In n voltaic coll (ho chonural rcncfion* nro essen* 
liiilh of nn ijrolht rmir nature, that i«, tltpj are such ns to 
promteo iincler onlinan circumstance* nn evolution of 
enoifrj in (he form of heat In n voltaic cell this energy 
it not ovolvcd nt heat, hut iho electric il energy ovolved » 
(bo equivalent of (hit licit energy In » voltameter the 
choimcil reaction* nro of nn endothermic nature, that 
(her nro imnlh accompanied by nn absorption of heat 
energy, end thoprcsonce of n voltameter in a circuit there- 
fore rnranH thonbsorphon of nn nmmmtof electrical energy 
from tho circuit equivalent (0 (fan heat energy Fro 1 ® 
these considerations (ho EWF of 0 given voltaic cell ox 
tho back EMF m a voltameter can be calculated if toe 



HEATING EFFECTS Of OOBBJSHT8 


129 


necessary data are inown In the Mowing the figures 
are approximate only 


Om l. SUF rf Staple (M —In thu oell we may regard the 
letum to consist m the oxidising of smo whiph dissolves in snl- 
r vnn, Mid, and at the same fame hydrogen u liberated ; the atomio 
weights of nno and oxygen may be tahen a* 05 and 18 respectively, 
that of hydrogen being 1 Now- 


Heat toohed by 65 grm of smo oombmmg with oxygen » 
85,400 calcines 

Heat by the SI grm of smo oxide combining with sol* 
phone amd — 28,400 oalonee 

Heat absorbed when 18 grm of water are decomposed — 60,000 


calories 


. Total heat evolved for 66 gnu of nno dissolved 

= 86400 + 28400 - 69000 = 89800 calories, 
«« Total heat evolved for 1 grm of amo dissolved 
= 80800/65 = 818 oalonee 


The eleetao-bbemmel equivalent of mna u 00887 grm per e m 
■nit quantity , hence the energy evolved dtmng the consumption of 
this amount of sno m 613 x 00387 x 44 x UP ergs Bat if B 
be the 8117 and Q the quantity id electricity mem mute, the 
work le BQ era; the quantity corresponding to the consumption 
of 00887 grm of smo is, however, lom unit , henoe 


B =■ 61S x 00887 x 48 X 10’e.m unit* 
= 0 X 10* e m umts 
= Orbit 


Cue B JffJf F Denude* Oell ~ Intha case— 

Heat exiled by 65 grm of stno oombmmg with oxygen = 
85400 calories 

Heat etched by the 81 grm of two oxide oombmmg with sul- 
pbuno told = 28400 oalonee 

Heat absorbed u the separatum of the equivalent 70 grm of 
copper oxide as 19046 oalonee 

Heat abeorbtd in the separation of the equivalent 68 pm of 
copper from the oxide = 88260 ootanes 

.* Total heet evolved for 1 gnn of smo dissolved 

,85400 + 23400 -19045 - 88260 =7g2 


Henoe 


B — 792 X 00387 x *42 x 10* e m umts 
= 1*12 x 10* e m unite = 1-12 volte. 
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mechanical equivalent of heat in ergs , then, from the preoedmg, 
B = hzJ e m units = ■jolts 

105 


find's % tot 3 wJ “ Elee ! roI V* t ° °f Water -Wo have to 
u , P f hydrogen tending to recombine with oxygen 

« MOttf 6 1 S™ °fh' “rogon combines with oxfljon 

“ 34000 = » . * for hydrogen = 000104 , hence 


6 — 34000 x 000104 x 4 2 x 10* o xn units 
= 1 49 X 10® e m units = 1 49 >olfcs 


The preceding calculations on the EM P’s of cells are 
incomplete, for they ignore the fact that the E MF of a 
cell depends on the temperature, the true formula f re- 
versible cells) is 

JB = 7 1 *7+2’||(Art 206), 

where T is the absolute temperature of the cell 

The “temperature coefficient ” ^for a Darnell's cell is 

dT 

nearly zero, however, hence it is that the BMP calcu- 
lated in Case 2 agrees closely with the actual value 


198. Glow Lamps. General Bsmarto — Allied to 
the heating effects of a cui rent and the consequent rise in 
temperature of the conductor is the artificial production of 
light by electrical means Investigation showed caibon to 
be a suitable conductor , but carbon i» air is leadily burnt 
if heated to the extent necessary , hence in one type of 
commercial incandescent lamp carbon m the form of a fine 
filament is heated in a globe from which the air has been 
exhausted 

The efficiency of a lamp is defined as ike ratio of Hie 
candle-power of (he lamp to {he watte absorbed The average 
power consumption of most of the carbon filament lamps 
in use is about 4 watts pei candle, so that the efficiency is 
about 26 candle per watt 
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The mom drawbacks to the carbon filament lamp are its 
large power consumption and the fact (associated with its 
negative temperature coefficient) that it is sensitive to 
changes in voltage, and many attempts have bran made to 
improve noon it , as a result the XTernst lamp appeared 
in 1897, the Osmium lamp in 1902, and the Tantalum 
lamp m 1905 as commercial articles 
In the Nemsb lamp the “ glower” consists of a rod of 
zmjonia mixed with the oxides of thorium, yttrium, and 
erbium, it is an insulator at ordinary temperatures, but 
becomes a conductor when its temperature is raised , hence 
the lamp is provided with a heating arrangement which is 
afterwards automatically cut out of circuit; this lamp 
“works” in air and absorbs about 1 8 watte per candle 
The filaments of the osmium lamp weae made of 
osmium and the power consumption was about 1 6 watts 
per candle The tantalum lamp has a filamm*. of pure 
drawn tantalum wire and its power consumption is of the 
order 1 5 to 2 watts per candle. Metallic Moment lamps 
of later introduction have filainM* of tungsten 
and absorb from 1 1 to 1 8 watts per candle , in 
nitrogen they absorb 5 watt pei candle 

180 The XHeotno Arc. General Remarks — If 
two carb on ro de in contact end to end form part of a 
mutable continuous current circuit, end if when the 
current u flowing the carbarn be drawn apart to a dis- 
tanee of A or $ inch, a humnona “ aro ” v ill be formed 
between them, the arc eonitatnting a conducting path 
from one carbon to the other After a time tiwendeof 
the oarbona become humnom, and more ao than the are ; 
in fact, about 85 per cant of tho light la dne to the 
pontm carbon (> « the one joined to the positne lead 
or |w™ve of generator), 10 per oent to the negative 
carbon, and 5 per ocnt to the arc. The positive carbon 
aammei a emterdike form as indicated in Fig 859, the 
temperature of whieli is from 3,500* to 4,000" C , the 
«w of the mntne becomes gradually pom ted, moan- 
dement matter being oamed to it from the positn o and 

0 The rate of con- Fig 859 
rampoonof the poeiUve carbon m about twice that of 
Jwn^broj hence for the former earboni about twice as thick are 

mcponmenl show* that u the oase of eouturaoos current arcs 
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ftp D of abont 44 volts is necessary , they will not not at all with 
a pressure below 35 voltfl, nml a frequent allowance is 60 volte for 
a 10 amporo aro A considerable P 17 is found to exist between the 
positno caibon and a point slightly below tlio orator, and in com 
panson a smnll P D exists between this point and the negative 
carbon To account for this it has been suggested that the volsti 
lisation of the carbon in the orator rcsnlts in the establishment of a 
back pressure of 36 to 38 9 volts in a manner similar to the back 

S ressure consequent upon the separation of tho ions m electrolysis, 
■e result being, of course, that tho applied pressure has to over- 
come this m addition to tho olimia resistance (of the order } to } 
ohm) of tho aro , but although it » customary to speak of the 11 bank 
E JI F of tho aro,” tho question os to wliethor that is tho correot 
explanation or not is still unsettled, the balanoe of opinion being 
rather to tho effect that it la nob 
Tho P D necessary to maintain an an has been found by Mrs 
Ayrton to bo given by tho following relation— 


E *= {a + bL + volto ' 


whore a, b, d, and t a to Constanta, L the length of the ore m milli- 
metres, and I tho aurrant in amperes, the laluesof the constants 
wore found to be as follows — 

a = 33-0, 6 = 2 07, d » U 7,« = 10 6 
Thus tho P D for a 10 ampore aro of 6 mm length » 

E = [38 9 + (207 X 6) + t ? $ j = 65 67 volts 

Prom the relation given aboio it follows that (1) 

>n tho onrrent causes a decrease in the voltage if the length o* toe 
aw remains the same , (2) a doorcase in the length of the are 
onuses a doorcase in tho voltage if the onrrent remains the same 
la oonsoqueneo of the veiy hign temperature the candle power m 
an aro is high (of the oraor of 1,000) , ares absorb about 8 vra 
per aandlo, and liav e thorofore an effioienoy of the orderly candles 
par watt A more perfeot orator is formed if a ' cored aarn ot- 
it one fitted with a core of softer carbon -boused os pcsihw 
An alternating current aic requires about 1 12 watts poroanm 
and a minimum BMP of about 30 v alts , *o «arbons (bo&emed) 
are equally oonsumed, equal in diameter, end bothbeoomepoin^ 
An enclosed arc u one formed in a comport ment from wluoh 
mr is more or less excluded , the E M P is about » volts «d to 
power consumption about 1 6 watts por candle « 

fmeeifll carbons aro used and tho aro is formed in a magnet . 
which spreads it out into a fan like shape 

orevaouum tubes with mereurv kathodes, thohght being due toto 


ore voouum tubes witb mercury icatnoa^ u.ui.su.-- . 
inoandesoenee of meroury vapour in the (ormof a J? 
filling the tube. (Bee Technical Electricity, Chapter Xv ) 
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300 Hot- wire Ammeters and Voltmeters.— Pig 860 
gives a diagrammatic new of the hot-win ammeter made 
ijy Messrs Johnson and Phillips The brass plate B carries 
a damp JD to which one end of the measuring wire W of 



ftg 800 


phtmum silver ia attached The other end of the wire is 
pined to a pillaa JS connected to the plate B Near the 
middle of W a wneP of phosphor to onse is attached, its 
other end bemg fixed to the insulated pillar P Nbtfe s 
from the centre of P a cocoon silk fibre Z is attached , this 
passes round a metal pulley find on a pivoted steel spindle, 
and u finally attached to a fiat steel spring 8 The whole 
h time subjected to tension, and any slackening of TP" is 
immediately taken up by 8, resulting m a rotation of the 
pulley, the spindle of which carries the pointer Mounted 
on the spindle is an alnmimum disc A, which, when the 
pointer ia deflected, mores between the poles of the magnet 
X thus rendering the instrument dead beat 0 is a copper 
\ strip m conducting communication with the middle of W 
, by means of a fine spring , this strip is connected to one 

( terminal tj, the other terminal L bemg joined to the brass 

S late B The terminals are also connected by a shunt 
Vi's of constantm When a current flows the wire IT is 
r heated and expands and the sag is up by 8, thereby 
moving the pointer over the sew The voltmeters are sum- 
' ar, bat ore fitted with series resistances instead of shunts 
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Exercises XIII. 

Section B 

(1) Two omraits whose icsi stances ore respectively 1 ohm and 

10 ohms are arranged in parallel Compare the amount of aurrent 
passing through each of these circuits w ith that through the battery 
Compare also the amount of heat de\ eloped in the same time in the 
two circuits (BE) 

(2) A wire of resistance r connects A and B, two points m a 

oircuit, the resistance of the remainder of which is R If, withont 
any other change being made, A and B arc also connected by (n-1) 
other wires, the resistance of each of iiluoh is r, show that the heat 
produced in the n wires will be greater or less than that produced 
originally in the first wire aocording as r is greater or less than 
Rjn~ (B E ) 

(3) The EMF of a battery is 18 volts and its resistance 3 ohms 

The P D between its poles when they are joined by o wire A is 
15 volts, and falls to 12 volts when A is replaced by another u ire B 
Compare Hie resistances of A and B, and tho amounts of heat 
developed in them in equal times (B E < 

(4) Heat is generated in a wire of resistanee 10 ohms which forms 
part of a mronit containing a battery and having a total resistance 
of 25 ohms Find the resistance of a shunt which when applied to 
the extremities of Hie wire will cause the heat generated in it per 
Beoond to diminish in the ratio 4 to 1, assuming that the resistance 
of Hie wire does not alter sensibly With its temperature (" “) 

(5) Determine the final temperature of n copper wire 16 ®®“ i" 
diameter through whioh a current of 10 amperes is flowing 
resistance of copper = 1 65 microhms per centimetre cube, emis 
smty of copper — 00025, temperature or room » 1« O 


Section C 

(1) If a oeU has an EMT? of 1 03 volts and 0 5 ohm mtero«I 

resistance, and if the terminals are conncoted by twwwiws w 
parallel of 1 ohm and 2 ohms resistance respeoti i “i • ‘li “ 

current in eaoh, and what is the ratio of the heat, 

each* ' . 

(2) A batteiy of 5 cells, 'eaoh i of i which has on E M F ol 2jolts 
and an internal resistance of 03 ohm, is connected (o) in 

(b) in parallel, the ourrent passing through a wu» ot 
0 1 ohm Calculate the heat developed in the wire in jgj* «» gc } 

{3} A jacketed vessel contains a liquid in whioh a .‘tf'tto 
is immersed. An E M V of 20 volts is applied to the ends oi 
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(Inter Bi5o Hods) 

(4) Thshaatofoomboitaonof hydrogen end oxygen to voter u 
34 ,'200 water gramme matt lor e*on gramme of kTorogenbunt. A 
"0 8 wntonrrent deoomposea is one second 0000945 gm. of 
neter The medium*] 1 equivalent ot heat brag M x HP, W » 
\olt* the emallest BMP vhreh can deoompon water (BBo) 

(5) A normal Darnell’s eell has an B hi 7 of 1-07 yolt and ream 


«* lh) “ ■* <* «» *««, dnrmg one hoar *£*&$££ 

"SmssssL °° ® * b * ttw 7 **•» « £ 

«d metal durndved, 
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CHEMICAL EFFECTS OF CURRENTS 

201. Faraday’s Laws of Electrolysis. — These simple 
laws aie two in number — 

(1) The amount of chemical decomposition which takes 
place in a given time in a cell or voltameter is proportional 
to the total quantity of electricity which passes in that time, 
thus if 10 denote the mass of the particular ion liberated 
m time t seconds, and Q the quantify of eleofcricify whioh 
has passed — 

to oc Qcc It 
or «j = elt, 

m which J is the current and e the electrochemical equiva- 
lent (see Art lfil) 

(2) If the same current flows through several electrolytes 
the mosses of the ions liberated are proportional to their 
chemical equivalents (Appendix, 2) Thus, if the current 
from 20 Darnell’s cells in senes he passed through four 
voltameters m senes containing respectively CuSO^HgO, 
AgNO s , and HC1, it will be found that while 1 gramme 
of hydrogen is liberated 81 5 grammes of copper, 7 9* 
grammes of oxygen, 107 12 giammes of silver, and 85 18 
grammes of chlonne will be liberated in the voltameters, 
81 5 grammes of copper will be deposited in each cell, ana 
82 45 grammes of zinc will be used up in each cell of the 
battery If the cells be arranged in two rows in parallel. 
10 cells m senes per row, only half the external curren 
traverses each cell and therefore the chemical action per 
cell will be half the chemical action in the voltameters, 
thus, while 1 gramme of hydrogen is liberated m the volta- 
meter, 32 A 5 grammes of zmo will be used up per cell 

a 


ISO 
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Taking the ehemnal equivalent of hydrogen u 1, the eleotro- 
chemical equivalent of any ion can be obtained by multiplying the 
electrochemical equivalent of hydrogen { OOOlOti gnn per e m 
amt quantity) by the ohemioal eqmvalent of the ion Further, it 
hot be remembered that the ohennoal equivalent of an element is 
ite atomic might divided by ita valency. 


The figures given above me approximate chemical 
equivalents, taking 3 ~1 In <ihamiM.l it is now 

P. I 0 • - - - - 



A gramma-tqutvalarf of a aubatanoe u a quantity in grammea 
eqmato the diemioal equivalent Thua the atomic weight of nlver 
?“?} lU '*l«noy m 1 , benoe the ohemioal equivalent u 
10788 and tti® gramme-equivalent of nlver is therefore 10788 
grammea The atomic weight of nno is 6fi 87 and ita \alonoy is 2 , 
“P"" **" equivalent la 82 88 and the gramme-equivalent 

m xmo la 32-68 grammea Similarly a grammt-akmi of an element 
u a quantity m grammea equal to ita atomic weight, and a gramme- 
J* 4 f eubaUnoe it a quantity in grammea equal to ite mole- 


Since I em unit quantity liberates 0001041 gnn of 
yf^gen, 1 008/ 0001044, 1 e 9,660 e m units, will Liberate 
1008 grm > “Ad this same quantity will, by the second law 
above, bberate 107 88 grm of silver, 83 & gnn of zinc, 
and so on Hence 9,660 e m imif* of dedncttymU liberate 
<m *9^'ome-eqmvalent of any substance 

*2““ theory on electrolysis indicates that the atoms 
are themselves the carriers of the charges How the 
nuraber of atoms m one gramme-eqnivalent of hydrogen 
» about 6 16 x 10", hence the dmrge earned by a hydro- 
S® at ®®( loa ) m electrolysis » 9650/6 16 x 10**, ic 
r©7 x 10~® e m units Further, since the grarnme- 
equrnuent of ail monovalent substances contains the some 
number of atoms, this will be the charge earned by all 
uumovalent ions, t c charge carried by a monovalent ion 
= J 57 X 10“** e m units = 1 67 x 10"” coulombs 
— 4 71 x 10 -w a s units 

Agam, since the gramme-equivalent of a divalent sub* 
stance contains half the number of atoms indicated above^ 
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it follows that the charge earned by n divalent ion is twice 
that earned by a monovalent ion, the chat go earned by a 
tnvalent ion is three times the above, and so on 
The charge earned b) the monovalent ion is the natural 
“atom ” of eleotncityalreudy lefened to (vol 1 , 176, 11 , 34), 
it is identical in magnitude with the free negative charges 
known as “elections " , as will be seen later, recent obser- 
vations on tins electronic charge give results ranging from 
4 65 x 10”** to 4 77 x 10 - “ e s units 


Example. 1 That te Faraday's Law regarding clectrodcpomtion ! 
How much caustic soda ts produced per ampere hour, and now much 
lead, silver, and mercury ( from mercurous nitrate) would he de 
posited per ampere liourf One coulomb evolves, eay, 0101 milli 
gramme of hydrogen, and the atomic weights of sodium, lead, itleer, 
and mercury me respectively 23, 207, 108, and 200 (0 and (} ) 


(a) See above 


(3) Volcnoy of sodium m 1 its ohemical equivalent = 23 

,, lead =2 „ „ „ =103 6 

„ Oliver =1 „ „ .. = 108 

„ moroury(ou«)= 1 „ „ „ -WO 

Now 1 coulomb liberates 11104 mg of H, 1 ampere hour 
(3000 coulombs) liberates ( 0104 x 3000) = 37 44 m g of H 


Henoo by Low 2— 

(1) Amount of sodium liberated 

per ampere hour «■ 37 44 x S3 = 861 12 m g 

(2) Amount of lead liberated 

per ampero hour = 37 44 X 103 5 = 3876 ,, 

(3) Amount of silver liberated 

per ampere hour = 37 44 x 108 = 4043 52 ,. 

(4) Amount of merouiy liberated 

per ampere hour = 37 44 X 200 = 748B 

Caustio soda •= NoHO 


Atomic weights of No, H, and 0 are respectively 28, 1, and 10 
(say) , hence in 40 grro of oaustio soda there ore 28 grm of sodium, 
1 grm of hydrogen, and 16 grm of oxygon 


* 1hlhoVroblem'tho"80lT2 m g ("80'fiSgrm ) of sodium uiH com 
bine with water, forming caustio soda , oles 


dearly then 

23 grm of sodium form 40 grm of oaustio soda , 

1 grm „ forms $£ „ ,, » 

and 88112grm „ » (at x 8G1 12) = 1497 


grm of 

ou j a«l - ? . m 

caustio soda— say 1 o ffnn. 
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208. Back E Jffi.F. in Electrolysis. — When an elec- 
trolyte is decomposed by the passage of a current, the 
separated urns possets potential energy and tend to re* 
nmte, setting up a back BMP. (Art. 194) ; thus the back 
BMP, in a water voltameter is about 1 5 Tolta and is a 
copper sulphate voltameter fitted with platinum electrodes 
about 1 17 volts 

Consider, however, a coppei sulphate voltameter fitted 
with copper electa odes, the latter being in such a condition 
that they arc readily acted on by tie eulphion 80 t ; the 
chemical actions are — 

(Kathode) 0uS0 4 s= Ou + SO . (1) 

(Anode) Gu + S0 4 = 0uS0 4 . . (2) 

Equation (2) u similar to that of Art 142 As m that 
case energy tit liberated, and further, as in the ample oell, 
a forward BMF tefheremH Equation Q.) la tie con- 
vene of (2) , it represent* a condition m whuih energy is 
absorbed, and, like the pdaruatum of the hiirh-potential 

nltkfa tita mnmla . I 9. %l IT H . if 6 
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the molecules of the dissolved substance dissociate into free 
separate ions Each of those dissociated ions carries its 
otru appropriate charge of olectncitr, and therefore the 
chemical and general properties of an ion differ essentially 
from those of the same atom or group of atoms when free 
of charge Thus in a dilute solution of KC1, the KCI 
molecule is dissociated into K and Cl ions Tho K ton 
carries a positive charge and the Cl ion a negative charge, 
and so differ from free IT and free Cl 
Tho behaviour and properties of a particular ion am 
found to be independent of the other ion with which it 
mar be associated, so that many of tho properties of nu 
electrolj tic solution are additive properties determined by 
the properties of the ions present It ib reasonable to 
predict ionisation in electrolytes, for the high specific 
inductive capacity of the solvent will result m n marled 
decrease in the electric attraction winch binds together the 
positivo and negative ions m tho molecule (Art 80) 

The explanation of the process of electrolj sis and elec 
trolylic conduction on this basis is a simple one When 
an external EMF is applied so ns to giro a current 
through an electrolj te it is assumed that tho influence of 
the EMF. is merely directive It causes the free pou 
lively charged ions (kations) to travel m one direction 
through the solution and the free negatively clnrgcd ion*- 
(anions) to travel in the opposite direction, Tho charge* 
carried by the inns are delivered up nt the elect rode-, and 
the ions themselves liberated 
Tho experimental evidence on which this theory rests 
is found along a number of widely divergent paths of 
revesrch — 


KoWraweh nnd. Inter, r.trponW awl 1 ronton 
tho flow of enmnt through nn clcctrohte is mV* toOhmshw 
Thu implies that is the frtlro’ytf no ln-I I 'N . do Wr 
cular c'c'ompoMtimi, n r<*t up, smt tins in rnetb «l L"- 1 * 
obtain in n * ilnfon containing (rye dr-rastad fon« 11 *t- 
of potanbnl ret «I> »n tl «■ liquid «r 6 cr t* c po'ilm b ch \U *1 i 
Jn Sso dire-t'M rsil tin* n*,;»U'« b 

Kn without lit** MM of 1 .rl .V"-'? - *7, 
Vtonih* nr, their rlnm e, ord i U w the bp 
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Thu oolonr of eleotrolybo solutions u always an additive pro- 
perty Thu*, tha oolour of copper ohlortda molecules u yellow, a 
conowittated eolation af the salt is green, and a dilute solution blue 
Thi« |g explained by ■■mmmg (hat in ths concentrated solution 
dissociation » incomplete, an S the green ootaar results from the 
combination of yellow dne to nndisiooiated copper chloride ns*. 
enhe and bine due to the oopper ions, while in the dilute solution 
where tiie dissociation is complete the colour is the blue of the 


°^EoLurements of osinotao pressure in electrolytic eolnboaa also 
support the damnation theory Direct determination of oainobo 
prep are and determinations of the associated constants, the lower- 
ing of the Taponr pressure, and the lowering of the freezing point 
give abnormally high results for all eleebolytes These remits are 
at once explained and become normal if it is aaaumed that the 
munber of aotrre molecules per amt volume of the solution is given, 
not by the number of molecules af the dissolved substance, onf by 
the mnidwr Qf/res was «td moleeules per unit eoliNite. 

The ohemioal activity id sleotrolytes a also found to depend upon 
the dissociation of the dissolved molecules 


In tiie experimental investigation of electrolysis the 
quantity which is moat directly measured is the specific 
resistance, methods of doing tins axe explained in Chapter 
XVI If an electrolytic solution contains m gramme- 
equiv&lente per litre and the specific resistance of the solu- 
tion be p, then 1/p is the conduehmfy a of the solution 
and 


Equivalent Conductivity = 


Conductivity _ k 
C oncentration m 


Thu constant is an important one in electrolysis It is 

3 iV.l # 1 a ... • a i . •> s . * . . 


— — ........ W* V iw iw winw^wimHWWUUUMIiT4«J 

gradually increases as the concentration decreases, and for 
very dilute solutions is practically constant That, is, for 
very dilute solutions the conductivity is pwmm ti isw.1 to 
the concentration In the case of adds and alkalies the 
equivalent conductivity increases as the concentration de- 
creases, attains a maximum for very low concentration, and 
then rapidly decreases For all salt solutions the value of 
*/*.■ practically the same, for acids and alkalies the 
maximum value is about three times that for neutral aalts 
The value of k for a solution of KOI containing 0 1 gramme- 
equivalent per hire is 1 119 x lO^OGS unite. 
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The ratio of the number of active molecules in a dilute 
electrolyte to the number there would be if there were no 
dissociation can evidently be determined from the ratio of 
the value of «/m for the solution to its limiting value for 
on infini tely dilute solution This ratio can also be de- 
termined fiom the loweiing of the freezing point of the 
solution The table given below, due to Arrhenius, shows 
the agreement of the results obtained. The fust column 
gives the latao as determined by meosuiements of con- 
ductivity by Kohlrausch and Ostwald The second gives 
the values as determined by Raoult from the lowering of 
the freezing point The third column gives the coefficients 
of ionisation, indicating the pioporiaon of dissociated mole- 
cules present m the solutions 


NaOH 

HO 

HNO, 

§r>* 

NsCl 


1 88 

190 

88 

190 

1 98 

90 

192 

194 

92 

219 

200 

60 

180 

182 

80 

182 

190 

82 


The conductivity of eleotiolytes increases with nse of 
temperature, but the value of the coefficient of increase de- 
creases with nse of temperature and increase of concentaa- 
tion, varying fiom 085 for dilute solutions at 0° 0 to 015 
for concentrated solutions at 18° 0 


204. Io nic Velocities.— It is known that changes m 
concentration ocour m an eleotrolyte during the p™»ss 
electrolysis, Hittoif has explained this in terms of the 
difference between the velocities of the positive and nega- 
tive ions, and lias shown how the ratio of the velocities may 
be determined from the changes in concentration 
Consider Fig 861, in which the dots represent posits 
_ Mia circles nes®ltveions famous), and 



jiubd » given up — 

to condition Wore to omioot paesefl, tore ™ “8 
i A- ell compartment The second two rows 

Saieate the condition an instant later, when the current w 
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passing at the kathode 8 ions have been deposited, the 
kathode compartment contains 7 molecules ana has there- 


KATHODC SPAOE 


ANODE SPACE 


iiiiiQk;ME==E!:;^aiMi. 


■■■■eseepshs 


Jl 


■■■■33sn:3KB* DGsa-sccai 


Fig 861 


fore lost 1 molecule , at the anode 8 ions have been de- 
posited, the anode compartment contains 6 molecules and 
hat therefore lost 2 molecules Stall later, the thud tiro 
rows indicate the condition . 6 ions have bean deposited at 
each electrode, the kathode compartment has 6 molecules 
and its lots it therefore 2 molecules , the anode compart- 
ment has 4 molecules and its lost is therefore 4 molecules 
Clcarlj — 

Loss m concentration nt kathode 1 
Loss in concentration at anode J 




(1) 


_ Telocity of anion 
Vblocityof I >;{oa* 

( f Kathode space lose _ v 

Anode space loss ~ u 
aliens v is the velocity ot the negative ion and « the velocity 
of the poMtive ion A chemical anal) sis of the solution in 
tlio neighbourhood of tho kathode and anode after the 
gasbag of a current mil therefore give the ratio of v to u 
Further — 


Katho de s pace loss _ ; , Anode space loss __ n 

2Stol lo»>> v + i ' Total loss v + v 
Thov* fractions are known as tho transport ratios or migra- 
tion ttrsfants , the former, which gives tho loss from the 
neighbourhood ot the kathode as a fraction of the total 
*0*5, m the one usually given 

v amis 34 
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It will bo noted m the above that no ohemioal aotion at the 
eleotrodes is involved. It corresponds in fact to the decomposition 
of (say) oopper sulphate with platinum electrodes , here the wtalen 
mg on the anode side is to the weakening on the kathode side as u is 
to v Consider, however, the decomposition of oopper snlphete with 
oopper eleotrodes. If an experiment be arranged, the eleotrodes 
being horizontal in the solution with the anode below and the 
kathode above to prevent the observations being interfered with by 
convection currents, it will be found that the solution becomes 
lighter near the kathode and darker near the anode In this cose the 
concentration os a whole remains the same, the solution is strengthened 
near the anode and weakened near the kathode (by an amount pro 
portional to «), and copper (proportional to v + v) Is taken from the 
anode, an equal amount being deposited on the kathode 
Thus imagine u gramme moleonles of oopper pees from the anode 
side to the kathode side, and therefore v giamme moleonles of S 0 < 
from the kathode side to the anode Bide On the anode side these 
v of SOi, together with the u of SO4 left by the oopper whioh has 
migrated, take (u + «) of oopper from the anode, forming (u + ») of 
OnSOj There is against this increase a deoresse « of C11SO4 due 
to the oopper whioh has migrated , the solution on the anode side 
is therefore stronger by v of CnSO< On the kathode side the « of 
copper whioh has entered and the v of 
copper left behind by the S 0 4 whioh has 
migrated are deposited, and the solution 
on the kathode side is therefore weaker by 
e of CH1SO4 Thus, m this case as in the 
preceding, the ratio n u can he found ex- 
perimentally by an analysis of the solution 
(soy) at the anode, ana by finding the in 
crease in weight of the kathode. 

(hie form of apparatus is shown in Bg 
362 A ib a silver anode, B a silver kathode, 
and the solution is AgNO a When the our 
rent has passed for a time half the oontents 
is removed from the burette and analysed 
and the strengthening (proportional to v) 
is found , tiie lnorease in weight 01B (pro 
portioned to (u + v )) 18 then found Tne 
ratio 11 it is therefore known 



A further step, due to Kolilrausoh, enables the value of 
(u-t-v) to be determined It will be seen that by the 

' • m si L wla nl w ilgfa ^ATlROdS 


coarse cameo, or wwu ±vu., w ««« f 

through the electrolyte Thus, m a dilute solution or 
potassium chloride containing n gramme-equivalents per 
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cubic centimetre, let the charge* carried by a gramme- 
equivalent of the K and 01 ions be a and — e unite, and 
let the velocities of these ions be u and v cm per see 
respectively. The current across one square centimetre in 
the eleotnuyte mil than consist of the transfer of non units 
ofponbre deotaca ty m one direction, mid nev units of 
negative electricity in the opposite direction, that is, the 
current is measured by ««(« +o) or 9650» (« + *), suioe 
e=s 9650 em nuts The cu r re nt is sIbo given by 

k t?, where * is the conductivity of the liquid and 

OX 

dVfdx the gradient of potential m the direction of the 
current Hence 


9650n(« + v) = or « +o = — 

OX fl 


1 

9650 


dV 


Here, if the concentration of the solution be expressed 
as m giamme-eqmvalente per litre, -wb have m — n x 10*, 
and the value of (u +«) for a potential gradient of one volt 
per cm = 10’ e m units of potential per em is given by 

= i xlO-x^xlO- 

as ± X 10“ X 
m 


(« + «)= x 1*0362 X XO T (2) 


Hence (« + «), the sum of the velocities of the ions, can 
be calculated from k fm, the equivalent conductivity of the 
electrolyte, and this latter is known once mis the known 
concentration and* = 1/p, where pis the specific resistance 
found by the methods of Art 284 Knowing (u + «) and 
rjn, the separate values v and u are determined 


Tobeeraot, the theory can only be applied to oaaea where aU 
toe nxrieenlea ere dissociated Furthei, then "daft" velocities 
m ea eteetne field are small, and most not be oonfnsed with the 
amonbes of ion* moving indiscriminately in all directions with 
wnwtie pressure w is awoomted. The velooity of an ion 
|®«rnnit electno force (say one volt per centimetre) is called its 
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The table below gives the values of u + v, u, and v m 
10“® cm per sec for K, Ha, and G in solutions of EG 
and NaGl of different concentrations 

Kci men 


171 

u +» 

0 0000 

1360 

0001 

1335 

001 

1313 

01 

1263 

■03 

1218 

1 

1153 

3 

10S6 

10 

1011 



This table indicates (1) that the ionic velocity increases 
as the dilation increases and tends to a constant maximum 
value at infinite dilution , (2) that the hunting velocity of 
the ion (01) is the same m different electrolytes, that 
is, the velocity is a specific constant of the ion 
The specific ionic velocities of some of the commoner 
ions are given below in 10“ 5 cm per sec — 


H 

320 

OS 

168 

K 

66 

Cl 

69 

Na 

45 

I 

69 

A e 

SI 

NO, 

64 


From these velomtaea it is evidently possible to calculate the con 
duotmtv of dilute eleotrolytes For example, for a dilute solution 
of AgNOj the value of (u + v) is 121 x 10“* cm per sec., and 
substituting this value m the relation 

u + v = n/m x 1 0362 x 10* 
the value of x/m can be determined 

This exposition of ionic velocity was given by HbUmnsah 
in 1879 Since that date many direct experimental deter- 
minations of the velocities of ions haTe been made, and tne 
results have confirmed Kohlrausch’s theory 

The first determination was made bj Lodgein 1885 
co ntainin g dilate sulphuric aoid were connected by a tube con 
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mg a slightly alkaline agar-agar jetty eolation of sodium chloride 
and a trace of phenol phtbalein A current was passed from one 
vessel to the other through the tofae, and ae electrolysis ■went on 
the velocity of transfer of the H ion was indicated and measured hy 
the rate at which the phenol phthalem indication of the formation 
of HQ travelled along the tone 

(Similar detenmnetions of umio velocity here more recently been 
made by W C D Whetham and by Orroe Masson. The methods 
adopted were slight modifications of Lodge’s original method 
Xh one experiment the rate of displacement of the bonnduy 
between equivalent aotntaans of potassum ohlonde and potassium 
tnohxooate, as indicated by the advanoe of the oolotoed wm Ct^, 
was observed. In another a coloured kation, such us Chi from a 
rohrt aca of copper ohlonde. and a coloured anion, such as Or,Oj 
from a eolation of potassium bichromate, were made to travel in 
opposite directions along a tube containing a jelly solution of KC1, 
and the rate of progre ss of each ion observ ed 

9105 . Theory of the Simple Cell (coutmuM), 
Chemical and Contact Theories. — Before proceeding 
■with this section the student should again mut Art 14JJ 
which outlines the chemical theory of the mmpl ft pgfl 
It is there indicated that both, the one and the ctam y 
ahtraet the negatively charged oxygen ions within a tbit 
narrow (molecular) film, that eqmhbnnm is qmcblr 
attained since the plates become negatively charged znJ 
won repel the free oxygen 10ns electrically as strondr*. 
they attract them chemically, and that both plates are 4® 
rednrad in potential bellow the enter surfaces of the films 
» 11 further indicated that, since the attraction of the taa 
for oxygen is greater than that of the capper, ihepotetS 
slope 6j at the sum is greater than the slope «, attbeconnr 
110 that the potential of the smo is bdow the potenffi rf 
ti» copper. The E 1 IF, (E) of the cell u a -T/mT 
875 ft) indicate the conditions referred to’ ^ 

The same idea may be conveyed as follows « 

nno is placed in the add the positive zmo ions 
wrtb the negative BO. ions, forming ZnSO. wd W* 
taw ano phte n^gativdy oharged Each nvn * •"$£[ 
wlndi combmes leaves two positive hvdw»Sa 1 - \ 

we attracted to the jpkte, so that MSanltJ. ** 
have an eZeefne double layer , (SMdj m v 
one on the one side and fche.podtive hydj 
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other (Fig S68), and forming a molecular condenser, of 
which the zinc is the low and the acid the high potential 
element Equilibrium is soon established between the 
tendency of the zinc ions to combine with the 
zinc} SOj ions and the tendency for positive ions to 
”* 5 ? - _ p*" be driven from the acid to the negative zinc 
+ ~ Z plate, so that with an infinitesimal consnmp- 
^ " - f bon of zmc the P D e, is established Sinn- 
S 4 _ ~ lar actions occur at the copper, but the ten* 
§+ - I dency of copper to combine with the acid is 

f ~ - 4 less than that of zinc, so that the P D e } is 

lL= 1+ less than e, 

Fig 883 If now a copper wire be attached to the 
zmc plate it acquires (practically — see Chap- 
ter XV.) the potential of {he anc plate, and the P D be- 
tween this copper wire and the copper plate of the cell is 
therefore (on open circuit) the EMF (F) of the cell, 
viz e l — e. 


There are, however, many experiments which show that 
two metals m contact are at different potentials, and Volta 
behoved that the mam cause of the working of a cell was 
the contact of the metals ; on this is based the contact 
theory of the simple cell When zmc tenches copper 
there appears to be a flow of electricity from the copper to 
the zinn which causes the *pm to be of higher potential 
Experiments were designed by Volta and others to test 

this, but most of these earlier expen- 

menta are capable of other explanations 
and are inconclusive , Ayrton and Perry’s \M s 
more recent experiment, which is a modi- JwL 
fication of Kelvin's experiment, is com- /j|T\ 
paratirely free from objection f /Mgh ] 

KELVIN’S EXPERIMENT (Pig 364) —Z \zffc J\ 

and 0 are plates of zino and copper placed VJ L-^ | 
horizontally on an insulating support, and S — “ “ 

is an electrometer needle changed poninely and Fig ow 


a drop ofaoid the needle u not deflected Hus seems 
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tint when uno and oopper an in contact there 11 a P D between 
them, the uno being positive, bat that when immersed in amd they 
are at the same potential 

AYRTON AND PERRY’S EXPERIMENT {Pig 866) -In the 
figure 0 represents diagrammatieaUy 
a quadrant eleotrometer, whose two 
nun of qnadnnta are nonnested to 
flat horizontal brass plates A and B. 

A and if are tiro other plates parallel 
to and at the same distanoe from A and 
B, and connected to one another by a 
wire It was argued that if A ana if 
be at different potentials, A and B 
will have a urop b r t w nal difierenoe of 
potential of the same kind The ex- 
periment dearly showed a P D , when 
uno and eqpper were wed, of about 
*7fl volt, the amobemgponbre 

These results appear to indicate that one and copper 
have a contact F 1) approaching a volt Modem work, 
however, goes far to show that thi« theory most be 
abandoned: contact of dissimilar metals or other sub* 
stances does give rise to electncsl separation, but not to 
the separation we have to deal with in a voltaic cell Ear 
metals the difference of potential established by contact is 
exceedingly minute compared with the electromotive force 
of a cell, and has been held to have little or nothing to do 
with voltaic currents, in the ordinary meaning of the 
term The most probable theory of the voltaic cell is 
the chemical theory given shove, and an explanation of 
the experiments just described can be given in on exactly 

similar way 

Consider a piece of zinc (Eig 866) surrounded by air— 
here, just as when immersed m dilute amd, it attracts the 
neighbouring oxygen atoms, bat m the liquid these atoms 
while dieroctated me free to obey this attraction, whereas 
m air, where there is practically little dietociahon, they are 
not free to do so 

The molecules of free oxygen are uncharged, but each 
molecule may be supposed to be resolvable into two atoms, 
one charged positiimv and the other negatively. Under 
the influence of the 'attraction of the zinc the layer of 



Pig sss 
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oxygon molecules adjacent to it may become polarised 
forming an inner layor of negatively charged atoms in 
contact with the zinc and an outer layer of positively 
chaigod atoms suriounding this inner layei Equilibrium 
will be attained when the atti action between the zinc and 
the adjacent layer of negatively charged oxygen atomB 

equals the attiaction be- 
tween the two layeis of 
atoms, and the work done 
m effecting the pokuisation 
of the oxygon molecules is 
oqual to tho energy of the 
charged condenser consti- 
tuted by the two layers of 
oppositely charged atoms 
Whether the inner layer 
of oxygen atoms actually 
combines with the zmo and 
metal or Bimply remains m 
Q 10 S 8 contact wiwi it the zinc is practically negatively 
chaiged, and a difference of potential ib set up between it, 
or the layer in contact with it, and the adjacent layer of 
positively chaiged atoms The magnitude of tins difference 
of potential will depend upon the force of attraction be- 
tween the zinc and the oxygen atomB The idation between 
these two quantities may peihops be expiesscd by means of 
the formula for tho attracted disc electrometer plates If 
v be tbe difference of potential set up, 8 the distance be- 
tween the two layei b or atoms, and f the force of attrac- 
tion per unit area of t he zi nc on the inner oxygen layer, 
then we have « = 8 v'&r f 

In the caso of tho coppei tho details would bo tho same 
as for the zmo, but as tho chemical attraction between 
copper and oxygen is less than between zmo and oxygen 
the diffeionco of potential set up betweon tho two layers 
of oxygen atoms would be less m tbe cose of the coppci 
In the caso of zinc this diffeionco is about 1 8 volts and 
in the case of copper about 8 volt 
When the zmo and coppei are put in contact they 
acquire the tame potential, but there will now bo a differ* 



so tnuisfeis its chaige to the 


m 


ettranoxL bftsots op oubrbhh 

enoe of potential between the outer layer of 
contact with the me and that m contact with the wotot. 
The potential of the air jnat above thermo will be higher 
than that above the copper by a quantity of the order of 
one volt •, and tiu tint difference whtek « actually m*wur«t 
by the plates A and B (Fig 86B) t» Ayrton and Perry'i 
experiment The distribution of potential difference, de- 
scribed above, is indicated graphically m the digram of 
Eg 866 In tins diagram the metala are m co ntact, a nd 
the difference of potential between the films of oxygen on 
the two metala is represented by ah and ia here Hhown to 

be about one volt _ _ . _ . ,, 

The contact experiments of Volte and others are thus 
merely illustrations of the action of a voltaic cell in which 
the which surrounds the plates is an insulator, 

and not an electrolyte, which conducts by virtue of the 
dissociation which goes on in it. 

Eg 275 (a) for a ample cell on open circuit may now be 
extended as shown 
in Eg 867, which 
gives the distribu- 
tion iff potential 
when the plates are 
merely placed in 
the and The dif- 
ferences of poten- 
tial between the 
air and the metal, 
and between the 
aod and the metal. 


Air 


Cu Air 


It And 
Fig 887 

WUIU 04JLU. UUO UIPUU| 

are shown to be the same for each metal, because in each 
case the magnitude of the differences depends upon the 
same chemical affinity This explains why there is no slope 
of potential in the intervening air, and accounts for the 
second part of Kelvin’s experiment above If, however, a 
copper wire ia attached to each plate of the cell, the distri- 
bution changes as shown m Fig 868 This figure is 
really a combination of Eg 866 and Eg 867 

The euentiel pout of difference between the two theories of the 
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solteio coll— Volta's oontaot theory and tbs chemical action theory— 
is the explanation of the source of the electromotive force of the 
cell The contact theory states that the electromotive force re- 
sults from metallic contaot between the two metallic elements of 
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the aell The chemical theory states that it results m the way 
flrtmiwl above from the ohemicol action going on in the cell The 
evidence of Volta’a experiment and others sale strong support to 
the contact theory, until it was shown that the result of the ermxi- 
ments could be explained by the chemical action theeuy The 
ohetmoal theory is also strongly supported by the fact that it 
supplies a satisfactory explanation of the sonree of energy in a 
working cell. On the contaot thorny it would be necessary to 
suppose the energy to be denvod from the heat of the elements or 
the cell, and not, as is obviously the ease, from the chemical 

n buSwmo efeotnoity, considered m a later chapter, we have a 
true ease of eleotromotava force resulting from contact between tns 
omi.Ur metals, but the eleotromotave forces developed are ex- 
tremely small compared with those due to chemical action in a ecu. 


plates and tbs acid is the same for both plates, and the BKF ("I 
Ki th„ itiAm in of these two, viz e, — fa Experiments on the 


made by means of "dropping eieowwura unu J ,»tentaal 

meters (Art 207) Beem to indicate that the single potminai 
differences at the anrfaoes of mno and copper hare 
t e that the acid is above the ano in potential, bid ««t «e comr 
!i abate Me acid, so that the E ME is the mm ■* B « 

stall uncertain nhiali of these views represents the 1 ”* * *1^“ 
much m favour of the former, and there is some 
aeomaoy of single potential difference determinations by dropping 
electrodes andwpfilaiy electrometers 
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808. E.U.F . of Heverfdbla Cells. The Gibbs* 
Helmholtz Equation. — Cells an frequently classified 
into reversible and non-reversible types* Consider, for 
example, a Darnell’s cell balanced by an equal and opposite 
external EMF If the latter be reduced by a very small 
amount the cell will drive a small current m the normal 


direction, zinc will pass into solution at the anode, and 
copper will be deposited at the kathode, on reversing the 
eunent by increasing the external EUF the cell may be 
brought back to its original condition, copper being 
passed into solution from the copper plate and zinc being 
deposited on the zinc plate Sncn a cell may be taken os 
a reversible cell (neglecting flrffnnwi and the PBl heating, 
both of which are irreversible effects). The mrnple cell, as 
previously mentioned, is a non-reversible cell; hydrogen 
escapes and c a nnot be replaced by a reverse current 
The second law of thermodynamics can be applied to 


reversible processes Ttnagina a rever- 
sible cell (balanced by an equal g 
opposite E l F ) in an enclosure main- 
tained at absolute temperature T, and s r r— P 

let E be its E kl F at this temperature \ I \ 

Seduce the balancing BMP slightly p Y Q 

so that the cell drives a charge £ round 
the circuit The line traced on the in* *j 

duator diagram is SB (Fig. 859) , this tig 8b9 
ib parallel to the axis of j, for the cell 
takes in heat % to keep its temperature constant the 
E1LF (E) is constant at constant temperature 
Now isolate the cell thermally, and let it drive an in- 
finitesimal charge j the cell draws upon its own energy, 
and we will suppose that this produces a cooling effect 

The temperature is now T—BT, the EMF is E — -HEbt. 

. dB 

tcrm denoting the rate of change of E M F with 


temperature, and the fine traced on the diagram is the 
adiabatic JBQ 

Place the coll in an enclosure main tamed at absolute 
temperature T—BT and, with a reverse EJLF. infinite- 
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simally greatei than that of the cell, let a lemse choree q 
be passed the line traced is QP Finally, thermn%ls 0 : 
late tlie cell and pass a charge which will bring the cell to 
its original temperature T , the line tiaced is JPS 
The balance of useful work done by the cell is repre- 
sented by the area 8EQP, that is— * 


Work done = SB X XY = a — ST 

* dT 

In the thei modynamics of reveisible engines it is shown 
that the ratio of the useful woik durrng a cycle to the heat 
energy token m at the higher temperature is equal to the 
ratio of the diffei enco in the two temperatures to the higher 
absolute temperature , henna 


_ Ed S)rp 

9 Td T _ ST 
h = T* 


I _ dJB 
' “ * T dT 

Now let Id be the heat in eneigy units due to chemical 
ohanges in the cell when unit e m quantity passes, so that 
h l q will be the heat for a transfer q Thus during the 
process SB the total heat in energy units is Idq -f h and the 
woik done is JEq, hence 

Eq = Jdq + h, 

E = h l +X 
7 

to J E = h l + T^-. 

dT 

This is known as the equation of Helmholtz or of 
Willard Gibbs If the temperature coeihcient dE/dT be 
zero, E = h l , tins is assumed so m the calculations of 
Art 197. If dEfdT be positive E > W and therefore A is 
positive, beat must theiefore be taken in to keep the tem- 
perature constant and such a cell will cool on giving a 
cunent If dE/dT be negative the opposite will be the 
case 
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207. Solution Pressure. Electrode Potentials. 
Capillary Electrometer. — Consider a zmc plate m a 
solution of sine sulphate The zmc ions m solution exert 
a pressure (osmotic piessnxe) tending to dim the ions 
upon the metal, bat the ions in the metal also exert a 
pressure (solution pressure) tendmg to drive sine ions into 
eolation; there mil be equilibrium when the opposing 
influences balance each other Thus for a metal placed in 
a solution of the same metal there is a particular value of 
the osmotic pressure of the metallic ions in solution for 
which the metal mil neither be deposited from the solu- 
tion nor dissolved from the plate, this measures what is 
termed the electrolytic solution pressure of the metal 
for the solvent 

Consider again the zmc plate in zinc sulphate and let 
the osmotic pressure of the ions in solution be less 
then the solution pressure of the sine Positively charged 
zinc ions pass from the plate, and an electric double layer 
is formed, the zmc plate being negative and the solution 
positive This mil continue until the solution pressure of 
the metal is balanced by the osmotic pressure of the 
ions in solution and the eleotno double layer If the 
osmotic pressure of metallic ions in solution be greater 
than the solution pressure metallic ions will be driven on 
the metal and the electric double layer mil be of opposite 
t a the plate mil be positive and the solution nega- 
tive. If the osmoho pressure be equal to the 
pressure no double layer is formed and no PJD. 
between the metal and the solution 

ThePJ) between a metal and an electrolyte is referred 
to as an electrode potential and the B M P. of a cell, as 
measured, » the algebraic sun of all the tingle 


timtial another iefadho j^n~ murtfee 

amnast the liquid to the measuring instrument and this 

mtroauces a difficulty and sources of error One method 
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bo m'nsurcd, tho remaining Finglo potential difference 
Zn'3I J SO| « found Another method is to use a "drop- 
ping electrode,” eg mercury dropping into a solution from 
a fine mv/te 

Tho Capillary Electromotor is nn application of tbo 
offret of clcetnc currents on tho surface tension or surface 
energy of tbo boundary botneen mercury and an acid 
At tho contact nn M F, is set np such that tho mererny 
is posituo to tho acid, and tbo surface tension depends 

upon tins EMP, becoming a 
f — Tcr.r^nhif mnximum when this E 31 F is 

! ff't reduced to rero In Fig 3/0 

tbo vessel B contains mererny 
and a quantity of dilute sul- 
s—Ttp» tint pbunc acid , A is a tube drawn 
}rlt out to a fine point nad contom- 

r-r=l ing mercury B is joined to 

5‘j the high potential end and A 

- to tho low potential end of an 

adjustable resistance through 
*”nR 370 which a current is passing, so 


pelt 


tliat this applied potentin 
fcrencc, vi 7 current X resistance, may be varied Now if 
the Eurfaco tension increases tho meniscus will rise in A, 
while if tlio surface tension decreases it will fall By 
adjusting tho resistance the applied potential difference is 
altered until tho mercury in A roaches its highest point, in 
which case the mcreuiy m A and the acid are at the same 
potential . the P D given by tho product of the resistance 
and the current is then equal to tho P D between the mer- 
cury and the acid since tho two ore exactly balancing 
The instrument may be used as an electrometer. 
tho mercun m A is connected to the mercury in B, una 
both are therefore at tho snmo potential, the meremy sur- 
face m tho lower part of tho tube A will hare a definite 
position which may be marked If, however, A and Bfe 
connected to the two points the P D for which is required 
—A to tho low and B to the high so that a current jrasses 
from B to A— the surface tension at the lower end of the 
TOeroiuy » 4 increases, and the surface rises in tho tube. 
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Tha extent of this change of position, or the change of 
pressure necessary to bring the surface back to the sam e 
position, may he taken to indicate the difference of poten- 
ta&l between the mercury m A and that in B 
Fig 871 shows a form of instrument constructed to 



measure the increase of the pressure on the tipper surface 
of the mercury in the tube necessaiy to adjust the lower 
surface to the position indicating no difference of potential 
between the two masses of mercury The connections are 
so arranged that the lower mass of mercury is at a higher 
potential than the uppei This causes the lower level of 
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the mercury m the tube to nse and the wessme m 
«pwr part of the tube has to be moreased to bnng it back 

rawy 11,6 ?”**• »< p»>«™ 

anouid be calibrated for use and cannot be used for 
difference ofpotential greater than about 9 volt Tim 
form of electrometer is due to Lippnunn * 


oATElS in which a P D is indicated by the motion 

ol a bqnid may he referred to m passing (Fig 371a) AB is a 



Fig 371a 


babble of dilate salphano acid, in a capillary tabe, between two 
mercury surfaces. If 0 be connected to a positive electrode and D 
to a negative, a small current flows whioh increases the surface 
tension at B and diminishes it at A The bubble therefore moves 
in the direction AB till brought to rest by the difference of 
mercury level produced at 0 and ID 

Neumann gi\es the following for the single potential differences 
for metals in oontaot with normal solutions of their salts , plus 
signs indicate that the metals are ahove the liquids in potential 


Metal 

Sulphate. 

Nitrate 

Zmo 

- 524 

- 473 

Copper 

+ 515 

+ 615 

Silver 

+ 074 

+ 1055 

Meroury 

+ 080 

+ 1028 


In a Darnell’s cell we hate the arrangement 

Cu/CuSOj/ZnSOi/Zn/Co, „ 
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and of these the contacts CuSOJZnSO/ and Zn/Ou an small and 
may he neglected Aemmmj the above correct the contact 
Cu/CubO, is 515 volt* the copper being aboie the CaSO* and the 
contact ZnSOj/Zn la £24, the ZnSO< being abort 
the one , the SUF u therefore olfi + 624 ■ copper 
1 088 volts Fig 883 for the mno plate in sul- (’“""I 
phono amd will also apply to the present ease 
of the ««n date m ««m> sulphate ; the oemotao s ~i r j- 1— t 

preesnre of the snx> xnu u solution is less than ? 

the solution presanre of the mno, so that positive jj 

mno ions tone the plate, and the eleotno double a 

layer bee die sign indicated, * c the mno is lover tc 

tiuui the solution m potential Fig 8716 would, £ 

aooording to the above, represent the oue of the □ 

copper plate m copper sulphate - the oemobo ® 

pressure of the oopper ions in Bolubon is greater Fig 3716 
than the solution pressure of the copper, so that 
positive oopper ions ere dnven an the plate and the eleotno double 
layer has the sign indicated, i a the oopper n above the solution in 
potential Am provunuly indicated, however, there u still some 
doubt as to the accuracy of than imds P D determination! by 
capillary electrometers and dropping electrodes 

208 BUS due to Difference In Concentration a an 
Electrolyte. Concentration Celia. — When two different deo- 
troly tei or two solutions of s salt of different oaneentrataons are in 
oontaot »PD ie usually produoedj this is due to the natural pro- 
cess of diffusion whioh takes piece 
According to modem theory the moleenka of a substanoe in 
solution an mors or lees free of eaeh other, are m oantmual motion, 
and, in miny respeote, an under the same conditions as the mole- 
cules ol a gas or vapour In dilute solutions it is believed that the 
relation between pre ssur e (osmotzo), volume, and absolute tempera- 
ture is identical w ith the relation in the case of a gaa, nx Pv—RT, 
the value of R depending an the quantity of the substanoe (gas or 
solution) taken Consider, for example, the fframms-mo/ecale 
For this mass of any gas at normal temperature and pressure the 
volume (?) is S&320 aom , the pressure (/*)« 76 X 186 X 981 dynes 
per sq am , ana the absolute temperature (T) is 273 , substituting 
in the above we get R — 8*28 x IB*. 

Now u the ease of an electrolyte the molecules axe dissociated 
into charged ions and the pressure is greater , taking dissocia- 
tion to be complete for a very dilute solution we may writs 

P » 2^, uhrfe n is the number of ions arising from each mole- 

V 

aide 

Consider now an electro!} te consisting (say) of two solutions of 
*ll\er mtrata of different concentrations separated by a porous 
diaphragm Diffusion takes place from the more to the less con- 
centrated solution, each ion carrying its charge with it, and it le 

u isos 85 
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dear that if the opposite ions travel with different velocities there 
will be a P D established beta een opposite sides of the diaphragm 
Let A denote the area of the diaphragm and consider a truokness 
dx, the osmotio pressures at opposite faces being P and P + dP 
respectively , the resultant pressure is AdP, the number of ions 
within the space considered is NAdz, where 2t is the total number 
of ions per o cm within tho space, and the force on eaoh ion is 

therefore AdP jN Adz, 1 e -1 

Again, if dr be the P D established as indicated above betneen 
opposite sides of tho layer the potential gradient is dVfdx, and if 

e be the charge on an ion the force exerted per ion » t —or — 

dx dx 

according to the Lind of ion considered , thus we have 


Total force on Lotion = 
Total force on anion = 


IdP.dV 
aV dx dx ' 
ldP_ AT 
Ndx dx 


Let u = velocity of the kation and v = velocity of the anion 
when dV/dx is unity, * e. when the eleatno force (t^j is e, so that 

tho velocities under unit force will be u/e and vjt respoetnely, 
hence for the velocities un ocr the aboi e forces we have 

Velocity of kation = 'j (yfg + 

Velocity of an, on =£(^g-eg) 


Now when a steady condition is reached under the combined 
nflnenoes referred to, the opposite ions must migrate through the 
diaphragm with equal velocities, m " hiob case 


u / 1 dP , ,dV\ m dP 
t \aV dx * r dx) e \2s T dx 



dv= v — 4 


dP 


’ v + u We 

The expression P = 2^ moy be wntten P where 

Jf is the number of grammes in a gramme moleoule, and as M/S= 

mass mice = concentration = O, it may be expressed P = 

Further, as N = the number of ions per c.o and n = the number 
Kb per molecule, A’/ft = the number of molecules per ae , 
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hence it m - aotaal mass of a single molecule, ^ m ■> me* per 
0 and 


oo 


p. *0*£ = *£«*£ 
r n M 

. dP-m^LY, 


BT 

* TP 


i e 


, v v - it m RTdK 

Ym nr* i irsr 


Let TTi end Y, be the number of ions per a e in the concentrated 
and dilute solutions , integrating between these limits— 

Fi-r,. 


o-n m RT 1n _ iV, 

'STS 1 TT l08r ^ s 

-•"* u ^-log.^ 


i e 


» + « a. 6 lix IP "3 T 

V- K 1 ha l 0, 

«+« ( 

This is (he £ if P, arising /tom difference in eoseentrafton 


PT log»^ 8303 


Bxample Taking, for evmnple, dm- and ccnta-nonnnl solutions 
id silver nitrate, the temperature being UP 0 , we get 

B= 8H^ x i x8 28xl0,x2Mxh *" 10x2803 

a 0383 x 10 1 o to. units a 00338 solfc. 


In dilute solutions the osmotio pressures ore proportional to the 
oanoentrabona, so that if P x and P* denote the osmotio pressures 
above we may write 


Bm l*> ms 


This may he extended to the oase of a metal, say silver, In a 
solution of AgNOi , here only the kation w to be considered, for no 
eaten crosses the layer, end t> n zero , hence 



where pi » the oemoho pressure of the kations m the metal, i e 
the solution pressure Ostwald and others have oom trusted Con- 
centration Celia consisting of similar electrodes in two different 
concentrations of the same solution, e g two silver plates, one in 
eaij of the AgNO, solutions above , in this ease wo have few tie 
E3TF gftht concentration cell— 
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27 ss HZ. 

5 )b 50 
_ RT 


/’l »-«•/>, , nn P'\ 

/^ + 5T^ lo& F ? a “ loe 7 r 1 J 


2y 


log.^ = B2L J^L wS 

11050 «+» g ' /*, 1)0 TO iH v ^ 0, 

Example. Taking tlio concentration coll referred to, viz too 
Bihcr plates in tlio previous mlulionv of siher nitrate at 18*0, 

E - x 128 y Iag|R io x 2 303 

n) i til 

= COt X 10 1 e m units = OCOt volt. 

Nernst mcanarcd the H M F experimentally and obtained the 
result 055 volt 

209. Secondary Cells or Accumulators.— Tlio follow- 
ing experiment mil illustrate tliopnnciplo of tlio secondary 
cell. 

Exp. In Fit 372 A nnd K are too lead plates immersed in 
dilute Bulphuno noid, V is a v oltmolcr, and a battery » connected 

as flliomi A current is passed 
through the voltameter in the 
direction A to K by dosing 
the Ley on the left The result 
is that hydrogen appears at 
the kathode A' and oxygen at 
the anodo A The oxygen at 
A combines vnth the snrfaee 
lend forming tho dark brown 
peroxide ol lead (PbOJ , the 
hydrogen nt K mostly rites to tho mfoco, so that t his pl ate re 

*£fis^ ta 2rJr2hB-B5ss 

. ._j fab Tjlatca will hav o lead sulphato (PhSO<) for med on 
Smtht^OBof th^monoxido (PbO The ohargmg oreo^ 

53h&’? ' S MKW 80 that the elcc^des «0 V- 
be in tlioir "formed ” condition, nr Pb at K, PbO s at A 

Riinh an arrangement is termed a secondary celli 
accumulator ; the anode is called the 



Fig 372 
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cell It should be particularly observed, however, that 
there is no accumulation or storing of electricity , funda- 
mentally, it is ogam the transformation of electrical 
energy into the potential eneigy of separated ions, te 
mto "chemical potential energy" , ana when the cell 
gives a current the energy transformation is merely re- 
versed 

In the preceding it was mentioned that on the first 
" charge ” the plate K remained more or less in its initial 
condition, and os such it does not readily combine with the 
sulphion SO4 to form FbSO* at discharge This defect is 
eliminated by adoptmgthe "alternate” charge process 
introduced by Planii He current is first passed through 
the electrolyte in the direction A to K, with the result that 
A is peroudised , it is then reversed, in winch step the 
oxygen at K forms Pb0 3 there, while the hydrogen at A 
reduces the existing PbQ 3 to porous spongy lead This 
operation is several tames repeated, with the final result 
that the last anode has a thick coating of dark brown lead 
peroxide, while the last kathode is coated mainly with 
metallic lead of a greyish cdoui in a porous spongy 
condition, which is xeaddy acted on by urn SO* during 
discharge 

To obviate the tedious formation of the Plants plates 
Faun coated the plates, prior to charging, with a paste of 
ted lead (Pbj0 4 ) and sulphuric acid, the adherence of the 
paste to the plates berne assisted by a covering of paper, 
on charging the red lead on the kathode becomes quickly 
reduced to spongy metal, while that on the anode becomes 

S iised. Later the 8eUon~Volchmar plates were intro- 
which, being consti acted in the form of grids, more 
effectively secured the paste Thus accumulators follow 
in general two specific types — 0 the Plants or naturally 
*' formed " cell, and (2) the Fame or pasted grid cell , 
frequently the; are of a composite character, having Plante 
positives and pasted negatives, since pasted positives, par- 
ticularly m central station batteries, are liable to chain- 

* « rf-11 B t-V 


Ir '.ill’i _> ■ I 1 r n li* 0 * & \ 


The chemical changes which occur during the dis- 
charge and charge of on accumulator may be briefly 
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summarised as follows Consider a ohaiged storage cell 
of the Plante type the positive plate is coated, as we 
have seen, with PbOn, while the negative plate is coated 
with spongy metallic lead 

(1) Chemical Changes during " Discharge ” — la dis- 
charging hydrogen will appear at the positive plate and 
oxygen at the negative plate The hydrogen at the posi- 
tive combines with the peroxide there with the following 
results — 

PbO s + H s = PbO + HjO (1) 

PbO + HjS 0 4 = PbS0 4 + HjO (2) 

The oxygen at the negative acts on the lead according to 
the equations 

Pb + 0 = PbO (8) 

PbO + HgS0 4 = PbS0 4 + H,0 (4) 


(2) Chemical Changes dm mg " Charge ” — In charging 
oxygen is liberated at the positive plate and hydrogen at 
the negative plate The oxygen at the positive combines 
with any oxides theie, producing higher oxides, and par- 
ticulaily PbOj , thus 

PbO + 0 = PbOg (S) 

while the PbS0 4 is converted mto Pb0 3 according to the 
equation 

PbS0 4 + 0 + HgO = PbO s + E.SO, (6) 

The hydrogen at the negative combines with the products 
there, reducing them to the metallic state, thuB — 

PbS0 4 + H s = Pb + H s S 0 4 (7) 

PbO + Ho = Pb + H s O (8) 

It will be obseived that the actions lepiesented by equa- 
tions (6) and (7) increase the density of the eleotioyte, 
while those repiesented by (2) and (4) weaken it In 
modern accumulatois the specific gravity of the acid is a 
oeod test of the condition of the cells when fully charged 
the specific giavity ranges from 1 205 to 1 215, and when 
discharged from 1 17 to 1 19 
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In the pasted type a preliminary chemioal notion takes 
place as follows — 

PbjO t + 2 HjS 0 4 = PhOg + 2PbS0 4 + 3H,0 . (9) 

so that prior to charging both plates contain the peroxide 
(PbOj) and the stuphste (PbSOj). On chargpg, the 
action at the positive piste mil be as indicated by (6) 
shove, whilst the action at the negative plate will be 
(7) above* and 

PbO g + JEHg ■= Pb + 2HjO .(10) 

so that* as before, the positive is coated with PbO* and 
the negative with spongy metallic lead The discharge 
equations are those already given 
Frequently the preliminary treatment consists in cost- 
ing the positive plate with the red lead and sulphuric and 
paste, and the negative plate with a paste made of the 
monoxide FbO (litharge), m which, case the preliminary 
action at the latter plate is 

FbO + H.SO* = FbSO* + H,0 (11) 


The efficiency of so aemmndatar u given by the expression 

ns Watt-hoars given oat at disehonte 

Effl “ eDOy " W.ttWi ^rmrt^rge * 
and in a general wot is of the order 05 to 7# per aent 


thus it a oell has a capacity of 606 ampere-hours and the maximum 
discharge oorrent, as stated by 

the ushers, u 68 amperes, it g L B 

Witt he able to give tins current l o I b I b I a I o I a 

for 11 Boors In a general way 
the ampere-hoars given oat 
vary from 80 to 90 per cent of 
the ampere-hoars pat m 
The E M.F of a fully oh&rg- 
ed accumulator is about 21 

vdtB, and as the internal rests- H N N N N N N 

team is very small a large ear- y 1 \ 

rent eon be obtained from it * " " 

Fig 873 demote the anange- Fig 373 

ment in a thirteen plate oel], — ''"'v 

c onsistin g of sue positives and seven negatives In practice the 

plates are very near each other, internal oontaot bong prevented 


i 

I 
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la most cases aa accumulator should bo regarded as "dis 
charged” when its E M F has fallen to about 1*85 volts and 
tiie spooiGa gravity to about 1 18 , if worked below this an in 
soluble lead sulphate is formed which ruins the coll Farther, 
an accumulator should ne\or bo short-circuited, for an cxcessno 
discharge ourrent will flow, resulting in snlphating, disintegration 
of active material, and buckling of the plates 


The very many practical applications of accumulators 
cannot be referred to here , briefly their advantages and 
disadvantages as compared with pnmaiy cells are — ■ 

(a) Advantages — (1) They have a high E MR and 
low resistance, and can therefore supply huge currents, 
(2) when "run down” they can be recharged, (8) they 
can be nsed for lighting, traction, etc , where primary coifs 
are useless 


(&) Disadvantages —(1) Their initial cost is high; 

(2) they require 
careful attention 
to maintain them 
in good condition, 
(8) their efficiency 
is only low, (4) 
their weight ren- 
ders them not veiy 
portable for labo- 
ratory purposes , 
(5) unless cate bo 
exercised thoy am 

B subject to sulpli- 
atmg, disintegra- 
tion, buckling, and 
short-circuiting 
Fig. 874 depicts 
a portion of a typical (negntive) grid for a modern nc- 

CU ]fo U the Edison accumulator the plates are steel grids 
(nickel-plated), the positive grids carrj mg alternate 
layers of metallic nickel and nickel hjdrato, and tho nega- 
tive ends oxide of iron; tho eleotrolyte is a solution of 
potassium hydrate , tho E M F is about 1 8 volts. 
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Exercises XXV. 

Section A. 

(1) Develop expressions for vju end (o + «), -where v and « are 
the velocntiM of toe sauna and katnons respectively in an electro- 
lyte! solution 

(S) Wnte a short essay on the oheraioal and oontaet theories of 
the simple oeH 

(8) Develop the Ghbha-Hdmholts equation far the E M F of a 
reversible celL 

^ffl^Dsaonbe the oonitrnotaon and aoticm of the capillary electro* 

TO Develop expressions for the E hi F due to difference in con- 
centration in an electrolyte and for the E M F of a concentration 


lection B 

(1) Explain the tarn '* electrochemical equivalent " If 3 am- 
peres deposit 4 grammes of stiver in 80 minutes, what is the 
electrochemical equivalent of stiver* (]j j 

W F 10,000 hdoooulomhs ere pexsed through cells arranged in 
ernes conteiomg solutions of 00,0* H&mOj* CaBO."^^, 

. ® ® lTB _ “ «wmmt of the ehemmal changes which occur in a 
storage odl during charge and discharge {BE) 


Section 0. 

j---l_? lv °, tha d ” an ^ tt y theory of the capillary electrometer and 
awonbe its a pplication to the measurement of the potential 
aifletenoo between a solution and memory {BE Hens) 

* * hort Moount of the lomo theory of eleotno oondnotion 
__TOo twdy tes, end shoo why a difference in potential should in 
general he expected when diffusion of a salt takra place. 

(BE Hona ) 

*- ,0 “5£rs£j 

voltameter, where it deposits 0 8 gramme of copper m 30 minutes 
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If tho eleotroohemioal equivalent of oopper la 0 00033 gramme/am 
pen second, find the value of the current, and show how to deter 
mine the ourrent for any other reading of Hie galvanometer 

(Inter BSc) 

(5) How do you account for the faob that an E M F of about 
volte is needed to electrolyse water at an appreciable rate T An 
accumulator 2 volts EUF maintains a ourrent m a circuit of 
total resistance 2 ohms. An eleotrolytio cell with back E ILF 
1 S volts is then inserted, the resistance being adjusted again to 
2 ohms Compare the ourrente and the rate of working in the two 
cases (Biter BSo) 


(8) A ourrent of eleotnoity driven by an eleotromotivo force of 
10 volts traverses a water voltameter u nhiah there is a resistance 
of 2 ohms and a beck electromotive force of 1 5 volts Calculate 
the weight of hydrogen, and the number of oelones developed m 
the voltameter per hour, nsenming the resistance of other parte to 
be negligible [The eleatroahemieal equivalent of hydrogen is 
0 •000010384 gramme per oonlomb, and the mechanical equivalent 
of one calone is 42,000,000 om *gm 1 seo “* ] (Liter B 6s Hons ) 

(7) Explain the meaning of the expression “ v and « the mobih 
ties of tho ions in eleotrolysw " 

Show that if in the electrolysis of a solution 10 38 X 10~* gramme 
equivalents of each ion are liberated by the passage of on ampere 
for a second, „ 

« + » « 10 38 X lOr'kllT, 

when Jfc la the eonduotivity of the eleotrolyte and If the nnmborof 
gramme-equivalents of dissolved salt per eubio centimetre of tho 
solution ' 

(8) Two liqmd resistances, A and B, of 5 and 10 ohms respectively 
are connected m parallel, and n battery of eleotromotive forco K 
volte and 2 ohms internal resistance is used to send aonrrcnttteonKn 
them Find the onnente in the two liquids, being mven that tue 
electromotive force of polarisation is 0 1 volt in A and 1 8 '« 

(101 Find a relation between the rate of change uithtci^erftto« 
of the eleotxo motive force of a reversible coll and the ofte, g-gjj 
of tbe cell. * 


CHAPTER XV. 


thbemo-eleoteioitt 

210. Beabeok Effect. Thermo-Electric Currents, — 
Fig 875 represents pieces of copper and iron wire joined 
together at their ends A and S, and Q is a low resistance 
mirror galvaaometei inoladed m the cucrnt If both 
junctions be initially at 0°0 , and the junction B be then 
gradually heated, a current will flow m the circuit in the 
directum indicated, nz. copper to iron through the hot 
junction, and non to copper 
through the cold junction This 
current mil increase in strength 
until the hot junction is at a tem- 
perature of about 870° 0 (diffe- 
rent for different specimens of seebeck 

iron and copper), at which stage ng arc 

the maximum current will be flow- 

mg If heating be continued the current mil decrease in 
strength, and will be aero when the hot junction is at 
540° 0 On heating still farther the junction B, the 
current mil increase again, but it vntl he reversed in direc- 
tion, ie it will flow from iron to copper through the 
junction B, and from copper to iron through the junction 
A Currents produced in this way by heating junctions 
of different metals are known as iTiermo-dectno currents, 
and were discovmed by Seebeck in 1881 The pheno- 
menon of inversion of the E M F was discovered later by 
Cummmg 

If both junctions of the copper-iron couple be initially 
at 10° 0 (say) instead of at 0° C , there will again be maxi- 
mum current when the hot junction is at 270° O, but 

108 


COPPER 
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there ■mil he zero current and reversal in tins case when 
the hot junction is at 530° C The temperature of the hot 
Junction at which maximum current jlowt is a constant for a 
given couple, and is Known at the neutral temperature for 
that couple The temperature of the hot junction at which 
there is zero current and reversal is a variable one, being 
always as much above the neutral temperature os the cold 
junction is below it , thus, if the cold junction beat T°0 
and the neutral temperature be 0* 0 , there will be inver- 
sion of current when the hot junction is at a temperature 
{0+(0-T)}° C 

Let the two junctions of a couple he at T° 0 initially, 
and then let one of them be rawed in temperature by a very 
small amount dT, if dE be the corresponding email E2TF 

JJTp 

generated, the ratio ~ is known as the Thermo-Electric 


Power of the two metals at the temperature T If one 
junction of a conple be at T X °C and thB other at Tf C, 
than, provided that one of these is not above and the other 
below the neutral temperature 0, the total BMP is given 
by the product of the thermo-electric power at the mean 
temperature 4 (2\ + T t ) and the difference in temperature 
( 2 » __ 2») K T, he below and T t above the neutral tem- 
perature 0, the actual BMP in the circuit is found 

thl Total BMP. — (EMF with junctions at T t and 0) 

— (E.M.P. with junctions at 0 and T,) 

These points will he more clearly grasped after further 


In the bTjoio copper and iron ore chosen simply because the 
ample they form is a convenient one for experimental PW 08 ^. 
ffimy other pair of metals will indicate amilar results, the 
home of course different It may be noted here that 
lery small , thus with a copper-iron couple with 
jSraSfb-TandVo the E MF is only about -0013 volt 


ail Experimental laws— There are two simple 
laws eatSShed by experiment The law of succeesm 
t ^natures states that, for a given couple, the electro- 
force for any specified range of temperature is the 
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snm of the deotromotive forties for an; number of suoees- 
bcto steps into which the given range of temperature may 
he dimed That is, 


•m •* *i 

E, i ^B h + B H + 



wheretyt,,!, are successive temperatures intermediate - 
between t, ana. f. 

The law $ successive contact $ states that if, at a given 
temperature, a number of metals are in successive contact 
so as to foim a chain of dements connected m senes, the 
electromotive force between the extreme elements, if placed 
m direct contact, is the sum of the electromotive forces 
between successive adjacent elements That is, for 
A, B, 0, D N in successive contact 


K=K+<+K+ El 

provided all the junctions in the series are at the «™a 
temperature This law evidently states that for given fixed 

junctum temperatures, if jg, j£, B 0 ", etc, denote the 
electromotive forces for circuits with the mefailw A and B, 
B end 0, 0 and D, etc, then the electromotive force for 
metal A and N u given by 

J% = B' A + Bl + ]%+....l£ 


mw a iouowb mat tne junction of two 
metals may be soldered or a galvanometer may be inserted 
as m Rg 875 without interfering with the result 


0/tnm and mcktl 
■ ,75, + , 12 ««* - w mieroiolb nm seUvdv at 
^oJiwro S K '*' * m ' ron ' r " <Ld ®«®* at 

A natal A i* sud to be positive to another metal B ^ 

taiSa tbrongS^iSoL fo 

ejnu ®ple the thermo eleotno power for iron and niokel at SO* O 
tte£ M.F. tfa copper-iron couple wuhjmctmu at BO *0 and 160° C 
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PtLTlEB 

Fig 876 


In this example the thormo olcotno power for copper and iron 
at 100° 0 is 7 microvolts, nml the E M F with jnnotione at 60’ 0 
and 150“C is 7 x (150 - 60) e 700 microvolts 

/ 212. Peltier Effect. — Fig 876 again depicts a coppei- 
\ywion couple, but with a battery included in (he circuit 
Experiment shows that with current passing in the direc- 
tion indicated heat is absorbed at the junction B and 

genet ated at the junction 
A, and by comparing Figs 
875 and 876 it will be seen 
that that particular junc- 
tion 18 cooled whidh must 
be heated in order to give 
a thermo cuuent m the 
same direction as the bat- 
tery current, thus in Fig 876 the junction B would have 
to be heated m order to give a thermo cuirent in the 
direction of the arrows, and when the bntteiy gives a 
current in this direction the junction B is cooled This 
discoveiy was made by Peltier in 1834, and it is known as 
the Peltier Effect It follows directly from this that 
when a thermo-electric ounent flows m a encuit such as 
Fig 875 heat will be absorbed at the hot junction and 
liberated at the cold junction 
The explanation of the Peltier Effect heB m the fact 
that contact of dissimilar substances gives nse to potential 
differences "When iron touches copper theie is a contact 
PD, the iron being above the copper , thus at B (Fig 876) 
the current traverses a junction where theie is an up- 
gradient of potential, so that it gams energy which is 
absorbed as heat and a cooling effect results , at 1 the 
current traverses a junotion in the direction of the down- 
gradient of potential, so that it gives out energy and a 
wttTicr (rffenfc results The energy absorbed or evolved at a 


^ __ The energy i 

Junction when the imt em cun ent flows for one second, 
i e when the amt e m quantify passes, measures what is 
termed the Peltier Coefficient, this coefficient is not a 
constant, but depends upon the temperature of the junc- 
tion 
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If n be the Peltier Coefficient at a junction, then the 
energy absorbed or evolved when a current I e m units 
flows for t seconds is EU7 ergs, but this energy is also 
equal to StI ergs, vheie J? is the potential difference at 
the junction in em units, thus the Peltier coefficient u 
numerically equal to the potential difference at Ike junction 
mean units 

ti> practice the Pshaw Effeot u masked by the Joule Heating 
Effect, but the existence of the Peltier Effect may be Shown and the 
lalne of the coefficient determined by an experiment of the follow- 
ing type Let (eay) a copper-iron junction be immersed m water, 
eadletaourrent I pus fort seoandim the direction iron to copper, 
if 27] be- the heat prodaoed and J the meahamoal equivalent of 
heat, 

JHx » PJtt 4 - HU 

U B t be the beat produced when the —w current panes for the 
rente tone in the opposite direction, 

JH, ^PBi-ntl 

fthe Peltier Effect is a beating effect m the first can and a cooling 
effect in the second eese By subtraotum 

n« 



218. Thomson Effect — It has been indicated that 
when a thermo-electric current passes m a couple circuit 
hwit u absorbed at the hot junction and evolved at the 
cold junction, sad this seemed to indicate the source of 

Pimrcrtr W n. It- 1 i. m. * m 


— HUB DWlUtU VU tUtUVOrW UD» BUUTCe OI 

enemy in a thermo-electric couple— the heat absorbed at 
the hot junction may be greater than that evolved at the 
raid junction, and the difference between the tiro may be 
the source of energy to which the current in the circuit is 
wej further investigation, however, indicates that this 
statement requires some modification and extensio n 
from, theoretical considerations Sir "William T homs o n 
was Jed to assume that the Peltier Effect is zero when the 
toemc^electno power is rero Now if the temperature of 

ffffSSU ! neufcml PT* *? *** ““ffSn at 
there is, as will be bettor seen later, no 
ftmmo-elMbio power_ and therefore there is no Peltier 


we meet with a difficulty * erplm^We^^S 
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the current is derived from , for if the Peltier Effect at the 
hot junction is zero no heat w absorbed there, and at the 
cold junction heat is given out, hence heat must be ab- 
sorbed m a thermo-electric circuit at other pomts than at 
the junctions This result was first pointed out by Sir 
William Thomson, and he showed that heat must be ab- 
sorbed tn one or both of the tones in virtue of the difference 
of temperature between the ends, or that heat may be 
absorbed in one wire and generated in the other, bat that 
the quantity of heat absorbed m the couple circuit must 
on the whole be greater than that given out This effect— 
the absorption or evolution of heat due to the flow of a 
current m an unequally heated conductor — is known ns 
the Thomson Effect, and an explanation similar to that 
for the Peltier Effect may be given 
In an unequally heated conductor different parts are at 
different potentials In the case of copper the hotter 
parts aie at a highei potential than the colaer parts , hence 
if a cuirent passes as indicated along the copper wire of 



Pie 877 (a) heat will he absorbed in the part AB and 
evolved m the part BO , on the whole the Joule Heatmg 
Effect will predominate, but if two pomts and JV equi- 
dw tant from B be selected, N will be at a higher tempera- 
ture than U owing to the effeot we are crasideniig B 1 
the case of won the colder parte are at the higher poten- 
taal hence if a cuirent passes as indicated along the iron 
•wire of Pig 877 (6) heat will be evolved in the part AB 

m it^^^ th6 ^^ 0aisoriei \ hen a ou rl 

from " cold ” to “ hot ” in copper, and heat is evolved whe 
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the current flown from hot to cold , heat ib evolved "when, a 
current flows from cold to hot in iron, and heat is absorbed 
when the current flows from hot to cold 
The Thomson Effect m silvei, erne, antimony, aqcL cad- 
mium resembles that hi copper, and is said to be positive , 
bismuth, cobalt, platinum, and nickel resemble mm, and 
the Thomson Effect m them is said to be negative In 
lead the Thomson Effect is probably ml 
In any conductor consider two points very dose together 
at temperatures T and T -4- dT. The difference of potential 
between the two points may be expressed as vdT, and the 
energy absorbed (or evolved) when a current I flows for 
a tame t is BodT, where <r may he called the Thomson 
Coefficient ; from the first expression we may say that 
the Thomson Ooepnent is numerically equal to the difference 
of potential par degree Centigrade, and from the second that 
it is name) loatty equal to the energy absorbed or evolved per 
unit quantity per degree Centigrade 

The coefficient 9 is not a constant, but a ftmatsan of the tempera- 
tare It has been oafled the apecxflo heat of eleotrunty, the 
term being derived from the following analogy. Imagine AO in 
fig 377 (a) to represent a ooppertube heated in the asm b way u the 
bar, and that a liquid flows through the tube under the ramdiUan 
that it takes the temperature nt eaoh point of the tube aa it down 
along Under this condition of flow it is evident that the liquid 
will alaorb heat in flowing from A to B and give out heat from B 
to C. Also, if « denote the apeeiflo beat of the liquid, the heat 
absorbed or evoked hr unit mass m passing boo one point to 
another through a difference of temperature dT is < . dT. That is, 
the thermal effect, when a current flows along a conductor for 
which the Thomson Effeot is positive, » analogous to this ease of 
baud flow along a tube, ana r the coefficient of the Thomson 
Effect corresponds to « the specific heat of the liquid For metals 
m which the Thomson Effect is positive a is positive, and for 
metals with a negative Thomson Effect «• is negative Hence, in 
the former class of metals the speoifio heat of electricity is said 
to be positive, and in the latter class it Is said to be nqgatne. 
That it, in the positne okas electricity is supposed to behave like 
a real liquid in the absorption ond evolution of beat, but in the 
negative claw it behaves like a hj pothetical liquid ninth absorbs 
beat in ooobng and gives out beat in heating 

To determine the energy absorbed by unit quantity of 
electricity m passing along a conductor from a point where 

u AND 8. 36 
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the temperature is 2\ to one where the temperature is 5P, 
it is evident that, Bince <r is not a constant but vanes with 
the tempeiatuie, the difference of temperature T, — T, 
must he divided into infinitely small steps each denoted 
by AT, then the energy gamed at each step is <r AT, where 

«r has its proper value for each step and 1 <rAT is the 

energy gamed by unit quantity of electncity m passing 
from a pomt at temperature IT, to one at temperature T. 




The cunent passes from cold to hot along the copper, and 
therefoie energy is absorbed as heat (Thomson) , in travers- 
ing the junction B there is a further absorption of energy 
as heat (Peltier) , in passing along the iron from hot to cold 
there is again an absorption of eneigy as heat (Thomson), 
in tiaversmg the junction A heat is evolved (Peltier) On 
the whole more beat is absorbed than evolved and the differ- 
ence is die source of energy to which the cunent is due 

214. The Electromotive Force in a Thermo-Electric 
Circuit. — By considenngthe eneigy absorbed and evolved 
in a thermo-electno circuit it is possible to find an ex- 
pression for the electromotive force m the circuit Take 
the case of a circuit with junctions at temperature T ana 
F„, the latter temperature being the higher Let H and 
EL denote the Peltier coefficients at F x and T s , 

<r the Thomson coefficients for the metals A and B of tae 
circuit Then, assuming the current to pass from AtoJf 
at the hot junction, the energy gamed hy unit quantity at. 
electncity m passing round the circuit is 

Hg for the Peltier Effect at the junction at tempera- 
ture T s , 

— Hi for the Peltier Effect at the junction at tempera- 
ture T v 

[ T *<ndT tor the Thomson Effect m metal A, 

Jr, 

_ f r * tr^AT for the Thomson Effect m metal B. 
i T i 
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Hence the total gain for the complete crrctrit is 
n s -II 1 + f T, («r A - < ri)dT f 

* T i 

and since this total must he numerically equal to the total 
decbramoftiTB force m the circuit we have 

E = Ho — Uj + | * {&1 — <r»)dT .... (1) 

If \re wmniliw a circnit with junctions at temperatures 
T and T + dT, when dT is infinitely small, the result 
is more simply expressed, for the Peltier coefficients an 
XI and II + ill, when dn is the mcmmeni or difference 
in II corresponding to the difference m temperature dT, 
and cr A and <r a are tie values of these coefficients for the 
temperature T Hence the four gains of energy given 
above are respectively Q + UK, —II, v x dT, and — oyH 1 , 
and we therefore have for dE the infinitely small electro- 
motive force in the circuit 

dE = <HI + (<r 4 — <r s )dT . . .. (2) 

216. Preliminary Ideas on the Thramo-Slaatrio Dia- 
gram — The student will mare readily grasp the details of enoeeed- 
ing sections if ora or tiro preliminary statements he made at this 
stage on the thei mo dcctne diagram; them statements will be 
proitd later 



Fig 878 


In the diagram abtohile tempera tm a ate taken as abscissae and 
thermo acrfnc power/ as ordinates, and lead la taken aa the hue 
line since the Thomson Effect in lesd is ml ; the thermo eleotru 
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it represented by the area AffDvmm the area EC/F (the copper 
line is now chore the iron line) end u therefore ten (Art. 210) II 
!T, be540"C the two areas AffD and .EOT mil be equal, and the 
EM? will be zero (Art 210) If the hot jnnotioa be above 5HF C 
(add junction (till 0° C ) the reenltmt area will appear on the right 
of the diagram, 1 1 the HALF, will now be reversed. (Art. 210) 

In tfaa eeetnna which follow tin facta merely stated hen will be 
proud 


216. Application of Thermo-Dynamics . — H the 
principles of thermo-dynamics Ik applied to a thermo* 
eleotno circuit several important relations may be deduced. 
In such a circuit the operations are reversible if we neglect 
the Joule Heating Effect m the conductors, and when the 
electromotive force m the circuit is infinitely small the 
ounent is infinitely small, and therefore the Joule Tn^ rn g 
Effect, bei ;ng proportional to the square of the current, is 
negligible The Peltier and Thomson Effects being directly 
proportional to the current are levermble in the thermo* 
dynRisnc sense Hence, m the thermo-electnc mreatt 
(Art 214), with junctions at abtohete tempe ra t ur es T mil 
T + AT, since quantities of energy II •+■ dll, — II, crJIT, 
and — <r a dT are absorbed at temperaturea T + AT, T, T, 
and T, it follows thermo-dynamically that 


or 


*“ § iT + C«a - *,)dT = 0. 

n 


(«•» - <rjdl= itdT-HL . . . (2) 

and ^stitutmg this value m the expression given in 
Art 214 for dE, via AS = dH + («r A - «r,)dT, In get 

dE = Y dT •• - .( 8 ) 

• . . (4) 

This relation indicates the only practicable ma^^a 0 f 
measuring II, it mams that for any two substances the 


n = 2££ 

AT 
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Pettier Coefficient at any temperature te givenby the product 
of (he thcmo-clectnc power at that temperature and the 
absolute temperature (Art 215) 

From (2) it follows that if for metal A tbe ralne of o- be 
zero (lead), then 

n m 


IT 


(S) 


This result expresses the coefficient of the Thomson 
Effect at temperature T tor the metal B in terms of the 
Peltier Coefficient for B and a metal m which the Thomson 
Effect is zero. 

Again, from (2) — 

_ n rfn 

<r» ■ 


Mow 

and, by differentiating, 


“ r “? dT 


n= 


dT 


in _qtfE,dE 
It ~ dT * + dT 


Hence 


dE ( 

[ 

, n- __7-^ 

<r* — <r» — l dT , 


V <PE 

L dT- 


dE\ 

iTJ' 


That ib, if A is a metal for which <r is zero, 

, - T ii 

2 dT> 

and if dEldT be denoted by y, 

, s-ItA 

’ dT 


( 6 ) 

(?) 

( 8 ) 

( 8 ) 


: tr^dT = T dy 

This mdicates that the Thomson Effect via metal with 
ends at temperatures T and T + dTxe given jgjknwdw* 

isgssxs&m swit- 
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T and T t respectively, the Thomson Effect » gw® by 
ivjdT Now it ib shown in Art 217 that the curves ob- 

{Sned by plotting temperatures as abscissae and total 
jB Jf F’» as ordmates an parabolic, and «abe repie* 
sented by an equation of the form S = + bT-,hmea 

dJSIdT = y = a + 2KT, and we may write T = 4 + By 
Let y, ss thermo-deoteio power at 5P t and y, = thermo- 
electric power at T t , then— 

po-^r = j**3My = j**(A + By)dy 

-[*+45 

= d(y t -yj + 

= (&-».) (4 + f-(».+ y.)j 

ss (y, — JfD 4C- 4 + JBft + 4 + By,) 


= (y,_y,)?k+^l . . 


• • ■ 


...( 10 ) 


Thus the Thornton Effect tn a meted with junctions at T, 
and T t u given hy tie product iff ft* difference iff the 
thermo-electric powers at the ends and (he mean absolute 
temperature (Art SIS) Bemember that the second metal 
for the couple is one for which <r is zero. 

217. Thenno-Eleotno Curves. — If one junction of a 
couple with the metals A and B be kept at 0° 0 and the 
EHF in the mrcmt he measured, by methods to bo 
described later, when the other junction » adjusted to a 
number of known successive temperatures it will be 
posable to plot a curve showing the relation betw ee n 
the total electromotive force in the couple and the 
difference of the temperatures at the junctions. 
The form of this curve m practically all coses is that 
shown m Fig 879, and it is found to approximate Tory 
closely to a parabola with its axis parallel to the axis of 
electromotive force 



182 


THFnMn.Er.rcTRtam 


The curve OAB m the figure indicates that with oae 
junction at 0° 0 the elccti emotive force m the circuit 
increases as the temperature of the other junction is 
raised from 0° C to 200° 0 , and thence decreases till its 
temperature is 400° G , where the electromotive force ib 
reversed In normal cases it goes on increasing in the 
reversed direction indefinitely, the cune beyond B being a 
geometrical continuation of the parabolic segment OAB 

IS, with thiB couple, 
the junction of con- 
stant temporature 
be maintained at 
100° O instead of 
0°G, then the curve 
of electromotive 
force is obtained 
from OAB simply 
by changing the 
origin O to O' and 
taking O'B' instead 
of OB as the axis 
of temporature 
This is evidently in 
accordance with the 
law of successive 
temperatures, for 




the relation E™ — E™ + -E^is correctly represented in 
the figure by the geometrical relation na = ml + *'», 
where m represents ", vri = E™, and n'a - 

So far wo have considered the case of a couple made 
with the metals A and B, and OAB m Pig 879 is the 
cum for the couple If now, m the same waj, we obtain 
the curves for other couples made with the metalB A and O, 


the curves for other couples made with the metals A ana o, 
A and D, A and E, and so on, we shall have a set of 
curves similar to the three shown m Pig 380, the curve 
OAB being for the metals A and B, OAO for the metals 
A and G, and OAB for the metals A and B The curve 
OAB is drawn with its ordinates negative to indicate that 
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tor the metals A and D the direction of the cnment,mder 
given conditions, ib opposite to tiiat m the d, B and .4,0 
circuits undei the same conditions If, for example, the 
B conductor m the A, B couple be replaced by the J) con- 
doctor the direction of the current m the m 

reversed When the current passes in lie standard metal. 



A, from oold to hot, the direction of the current Is to he 
taken as positive 

Prom these carves by application of the law of success- 
ive contacts the corves for a B,G, a B, D, or a 0, D 
couple may be obtained By tins law we have PJ+ 2?°=: J3*, 
or JSJ = JBJ — EJ. In the figure B° x is represented, for the 
range of temperature represented by OT, by 3b, 2f£ foi the 
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same range of temperature by Tb, and therefore JSJ for this 
range by be That is, the differences of the ordinates of the 
curves OAB and OA 0 give the ordinates of the curve for the 
couple B, 0 This curve is shown by the dotted line OBC 
in the figure Similarly we have — E°, tliat is. 

Eg is represented by Td - Tc = — ( dT + Tc) — — dc, 
that is, the algebraic differences of the ordinates of tho 
curves OAO and OAB give the ordinates for the curve 
for the couple C, B This curve is shown by tbe dotted 
line 00B, and the dotted curve OBB for the couple B, D 
is obtained in the same way 
From the symmetry of these curves it will be evident 
that the neutral point, or temperature of maximum electro- 
motive force represented by tbe abscissa of the point A, in 
«>v»Ti curve is a constant temperature equal to the arith- 
metic mean of the temperatures of the two junctions at 
leversal Also, the temperature of reversal, given by the 
point where the curve outs the axis of temperature, is 
variable and evidently depends upon tbe temperature of 
the lower junction, which, as shown in Fig 379, fixes the 
position of the origin of the axes of temperatuie and 
electromotive force The reversal temperature is as much 
above the neutral point as the cold junction is below it 
(Art 210) 


218. Thermo-Electric Power lanes.— If for each 
of the preceding parabobo curves a diffieiential cuive be 
drawn (by any graphic method) showing the relation 
between the thermo-eleotnc power, dEldT, and the 
temperature T for eaoh couple, it will be found that 
this curve is practically a straight line For example, it 
for each degree of temperature the difference of electro- 
motive force be plotted as the approximate value ot dJS/aJ. 
at the middle of the degree, it will be found that the curve 
obtained approximates veiy closely to a straight line * 

In Fie. 881 let OAB be the electromotive force curve ro- 
an A B couple Then between the points a, t on the cum, 
fLE is represented by cb and dT by ae, and dB i~ tbs 

Si * hr to k* dm to ■ s» 
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one represented by OQ, the electromotive force set up m 
the couple will be represented by the area PQqp 
If the temperatures of the junctions of the couple be 
represented by OP and OQ', then the electromotive force 
in the circuit is, as before, represented by the area bounded 
by Pp, Q'g', LNM, and the arts of temperature , but, of 
this area, JPNp to the left of N u positive and Q'W to 
the right of N is negative, therefore the electromotive force 
is represented by the difference between tbe two areas 



PNp and Q'fTg'. Hence, if these two areas were equal, 
that is if were midway between P and Q', the electro- 
motive force would be zero That is, when the temperature 
of the neutral point represented by ON is the arithmetic 
rnnan of the temperatures of the junctions represented by 
OP and OQ' the point of reversal is reached when 
PNp is the greater area the electromotive force is positive, 
and when it is the smaller area the electromotive force is 


negative (Art 215) _ - 

If we tate the curves OAB, OAG, and OAD in Bg 
880 and draw the corresponding thenno-electnc power lines 
we get lines such as are shown in Fig 383, AB, AO,* 
AD w mg the thermo-electric power lines for the A, 2 «« 
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A, C and the A, D couples The points N lt Ny, N v "where 
these lines cross the ass of temperature, are the neutral 
points for these couples 

The electromotive force for an A, 0 couple for junction 
temperatures represented by OP and OQ n represented 
bj the area PQsp, and the electromotive force for the 
A, B couple for the same junction temperatures is repre- 
sented by JPQ$r theiefore, by the law of successive con- 



tacts, the electromotive force m the B, O couple » 
represented by the area riqp. It follows from this that 
the differences of corresponding ordinates of the A, C line 
and the A, B line give the ordinates for the thermo-electric 
power line of the B, 0 couple (Art 21S). 

Similarly, from tho differences of the ordinates of the 
lines AB, AC, and AD tho ordinates of the tberao-eleotno 
power lines for the B, D and C, D couples may be obtained. 
From these differences separate thermo-electric power lines 
nui-ht be plotted from tho axis Or for the B, C, the B,D, 
and the 0, D couples, giving hues corresponding to the 
dotted electromotive force curves OBG, OBD, and OOD 
m Fig 8S0 It would, however, only needlessly complicate 
the dngram to do this In representing the relative 
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thermo-electric powers for a number of metals A, B, G, D, 
etc , it is most convenient to take one of the metals, say A, 
as a standard and plot the thermo-elcctnc power lines for 
the couples A and B, A and 0, A and B, and so on Then, 
for any two metals P and Q, the relative thermo-electric 
power atony temperature may be found, as explained above, 
from the difference of the orcunates of the A, P and the A, Q 
lines at that temperature, and the electromotive force fora 
p, Q couple between any two temperatures may oIbo be 
found, as already described, from these hues It -will 
also be evident that the point of intersection of the A, P 
and the A, Q, lines gives the neutral point of the P, Q 

couple " 

If, therefore, we have a diagram with thermo-electno 
power lines for the couples B and A, G and A, B and A, 


metal A, and the lines may be called the thermo-electno 
power lines for the metals B, O.B.e tc , and for a couple 
made up of the metals Pand Q the P and Q Imes serve to 
d e formiiw the constants of the couple A diagram drawn 
m this way and giving the thermo-electric powers of the 
metals B, G, B, etc , supplies, with proper conventions as 
to sign and regard to the position of the origin, all the 
necessary {henno-elecfcno data for a couple of any two 
given metals included in the diagram. Such a diagram is 
rnllAfl a Ibermo-dedne diagram 

2X9, The Thermo-Electric Diagram. Sign Con- 
ventions.— For theoretical purposes it is most convenient 
to take the origin of the axes of temperature md the mo- 
electrio power at the absolute mo of temperature and to 
iimnemiure on the absolute scale The necessary 


KSSTfti case of a particular couple Take the 
mfria ample made with the metals A and B, and sup- 
££ both junctions to he at the same temperature T it 
atthoiuncLns the metal B u at ahigher {Mdta 
Jr “ Li i then B is said to be positive to A If this 
flie met al A, ^ u denoted by H, then we have at 

S^nct.on P a^ of electromotive force H tending to 
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the junction, bat 
These two electro- 

the same cirouit, 

therefore balance each othei* Similarly, since the ttro 
ends of each element of the couple are at the same tempera- 
taro T, the algebraic sum of the electromotive forces 
ass oc i ated with the Thomson Effects m the A and S con- 
ductors is zero in each conductor. Hence* when both 
junctions of this couple ore at the same temperature the 
total electromotive force in the circuit u aero, although at 
apMi j unction the potential of B is higher than that of A 
Let one of the utnctionB be now raised in temperature 
from T to T + d T. The electromotive forces set up at 
the junctions are no longer equal, for the increment of 
temperature dT at one junction causes an increment #11 
of the electromotive force at that junction, and them 
difference is therefore <HI 

At the same time the electromotive forces associated with 
the Them*™ Effect cease to balance, for there is now a 
fhffamnffA of temperature dT between the ends of each con- 
ductor, and this gives a difference of potential <r dT 
between the ends of the A conductor tending to send a 
current through B, and a difference of potential <r„ .<ZT 
between the ends of the B conductor tending to send a 
current thiough A If oj, and «r» ore assumed to be 
positive these differences of potential, are opposed to each 
other, and as in Art 214 the algebraic sum of the 
electromotive forces in the circuit ia given by 

AE = <HI + (ca — cr s ) dT, 

and is seen to be made up of AH, the increment of II at 
the junction, and (« — <r») dT, the increment due to the 
Thomson Effect in the A and B conductors 
Tins electromotive force is for diagram purposes taken 
as positive or negative according as the current passes in 
the standard metal of the diagram from cold to hot or hot 
to cold As the current alwnys passes (except in the case 
illustrated by Fig 385) at 'the hot junction from the 
negative to the positive metals, thi* convention involves 
that dE is positive when the metal coupled with the 


send a current from JB to A, not across 
round through the circuit of the couple. 

tm>n am «raal and ODDOSltC m 
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standard metal is positive to the standard, and negative 
when this metal is negative to the standard 
Prom what has been said we can now deduce the sign 
conventions that apply to theimo-electnc power lines 
When, at any temperature T, the increment of electromotive 
force dJS for a positive increment of temperature AT is 
positive, then the thermo-electno power AEfdT is positive 
if the line AB m Pig 983, giving the thermo-electnc power 
Ime for the A, B couple, be taken as the line for the metal 
B and the axis of temperature as the lme for the metal A 



taken as a standard, then the diagram is evidently so drawn 
that at any temperature for any two metals the thermo- 

V i imaIhI ^HTA Jg fllft ffffl&wT 


eieCbTlC power ui wujpuwwvi? uwwu v* »»*» 1 

Thus m Pig 884 the tbenno-eleotnc power lines BB anil 
OG for the metals B and 0 indicate that up to the neutral 
point, represented by On, the metal 0 is positive to B,\ but 
lor temperatures above the neutral point B is positive » 
Also, if the temperatures of the junctions of a B,o 
couple be lepresented by OF and OQ (P'S? ** 84 ), then 
the direction of the ourrent at the hot junction mti, m 
accordance with what has been said above, be from B 
This may be indicated on tho diagram by an arrow from 
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S to 0, sail, m the same my, the direction of the current 

• r .1 l — E xv. 3 .1. a. 13 3 


in 


be indicated by arrows round the area sgpr, representing, 
as prarurady explained, the electromotive force in the 


Li Pig. 885, if the temperatures of the junctions axe re- 
presented by OP and OQ and arrows be drawn, aa above, to 
indicate the direction of 
the current m the <nr- 
enit, we get the area 
egurpna to represent 
the dentannotiTB force, 
end, of this area, the 
parbnpr is positive and 
*g« negative, so that 
the dectromotive force 
is represented by the 
difference of the two 
areas. It should be 
noticed in tins figure 
that the arrow in tg is 
in the direction opposite 
to that given above for the hot junction In fins case, 
where the neutral point lies between the junction tem- 
peratures, the current passes at the hot Junction in a 
anechon opposed to that in which the electromotive force 
at the junction tends to send it so long as the area pnr is 
greater than ngs, that is, so long as ip is greater than sg 
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280. The Thermo-Eiaotrio Diagram. Representa- 
tion of the various Quantities on the Diagram. 

(1) The Thornton Ootffiaeni — Since the thermo-electric 
power of the more positive of two metals is the greater, it 
is evident that on the diagram a path with increasing 
ordinates is also a path of increase of potential Henoe, 
in going along the P and 0 hues, Fig 884, from cold to 
hot, the potential falls, and therefore, by Art 318, <r, the 
coefficient of the Thomson Effect, is negative In the case 
of the D line, however, the potential rises from cold to hot, 
and therefore <r is positive It must be remembered, how- 

K AHOE. 87 
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ever, that these lines are supposed to be drawn relative to 
metal A as a standard, and that, therefore, unless the metal 
A t s one for which <r is eero, all that can be deduced from 
the above argument is that (<r B — <r A ) and (tr 0 — cr A ) are 
negative and (it* — erf) positive 

From. Art 216 we get 

T % -- * %• 

where y denotes dE/dT, the thermo-eleotno power Now, 
taking the A,D line (Fig 884) for which (<r„ - o-f) is 
positive, the value of y at temperature T, represented by 
OX, is represented by Xa, ana for a small increment of 
temperatuie, dT, represented hr XT, the increment dyis 
represented by he Hence dyfdT is represented by Ic/ac, 
the tangent of the angle whicn the A, D hne makes with 
thepoBitive direction of the axis of temperature 

Hence, if through the ongm 0, taken at the absolute ten 
of temperature, a line Ot is drawn parallel to J)D, then 
the value of (<r D — cr A ) ai any temperature T, represented 
by OX, vs given by the ordinate Xs, for 

,\Xt = OX tan XOs = T ta n anX = T 

By an evident alternative construction the line da may alio 
be taken to represent <r 0 — <r L It will be seen here that 
when dyfdT is positive, that is, when the thormo-eicctno 
power hne slopes upwards like DD, the value of (o- D — «r») 
is positive 

Experiment has shown that for lead the valuo of a is 
zero or negligibly small, so that by taking lead as the 
standard metal A tbe value of «r A may bo taken ns zero, 
and («r„ — <r A ), (<r 0 — °>)» etc , become simply cr*, <r 0 , <r D , etc , 
the Thomson Coefficients for the metals for which the lines 
are drawn , thusXs or da represents the Thomson Coefficient 
for the metal 2? It must bo remembered that tbe magni- 
tude of <r for any metal can bo obtained from the diagram 
in the war described, only if the origin of the axes is taken 
at the absolute zero of temperature. 
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(S) The Thomson Effect — The absorption or evolution 
of energy associated with the Thomson Effect can also he 
represented. A path wi fch increasing ordinates is one of 
absorption of energy, tins energy u absorbed m 0 and 
evobed m B (Fig 386), for with junction temperatures 
OP and OQ the 'path* is o to fin 0 and r to* inJ9 
Further, for any very smalt difference of temperature, 
dT, represented by XT, m say the 0 conductor, the 
energy absoihed for unit quantity of electricity is given 
by - <rrf!T. Bow <r a is negative, so that—oedJP is a 
positive quantity, and it is represented by am, and XY, 
which represents AT, is equal to db, therefore «r c AT is 
w®MBmited for the area am x db, that is, by the atop 
amp, when AT is infinitely ■mall. From the goop M faj 
of the diagram the strip toy A is equal to amyl, and may 
therefore be taken. to represent the energy absorbed in the 
element ay of the 0 conductor It follows at once from 
this that {he total energy absorbed tn the 0 conductor, {he 
junctio n absolute temperatures betng OP and Oft mu*t be 
represented by the area tnqpl Snnilariy {he energy evbfosd 
« represented by the area torn (In 
Art - «lo, Tig. 878, energy u absorbed m both conductors ) 


w is absorbed at 
the hot junction «WI 
evolved at the cold junc- 
tion The energy ab- 
sorbed at the hot junc- 
tion is, for unit quantity 


by H* the Peltier Ef- 
fect at temperature T%, 
and as, ly Art 216, 

rr, = !», How m 


% 

— i 
> 

s 

- 




m 
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the diagram (Fig 886), at temperature T„ dBldT is 
represented by eg and T % by Oft or o*, therefore is 
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represented by the area os X sq, that ts, by the rectangle 
osqrn Similarly IT,, the Peltier Effect at the cold junction, 

is given by Tj-^j , and w represented by the area nr x ip 

or the rectangle nrpl 

(4) Total E ME. — The total energy absorbed m the 
above circuit (Pig 886) ib represented by osqrn + mqpl, 
that is, by the area oeqpl, ana the total energy evolvedis 
represented by Iwn + nreo, that is, by the area Iprso The 
energy dissipated in the cuouitis consequently represented 
by osqpl —Vprso, that is, by the area rsqp This aiea 
therefore represents the energy spent in the cucuit foi 
each unit quantity of electricity travelling round it lit 
therefore represents the electromotive force in the cucuit, 
m accordance with the result given above 
The magnitude of the electromotive force m the circuit 
can also be determined from the diagram by finding 
on expression for the measure of the area pqsr This 
area is measured by the product of one half the sum of the 
parallel sides and the perpendicular distance between them, 
thatis,by 

PQ X i(pr + sq) 

If the diagram is drawn to scale this value is readily deter, 
mined. It ib numerically the thermo-electric power at the 
mean temperature multiplied by the difference m tempera- 
ture 

It can also be reduced to a formula, for PQ represents 
2j — T v and, from the figure, sqlrp = NQ/NP, wneie UN 
represents T n , the neutral point of tne B, 0 couple That is 

*2 ss ~ 3 - or eq ss l (T n — Tj) andry = k (T n — 2 1 ,), 

TjP *n 

where l is a constant This gives for E, the eleotromotive 
force in the circuit, the expression 

Sss (T i -Tdl(Tn- ! &±&) 

or E = H T s -T t )(T n -£±£) 

This expression shows that E is zero when T t = T v that 
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u, when both junctions an at the earns temperature, and 
also when Z'«==(7 1 + 3' g )^ l thati8 > atthepomtof tereisal 
when the neutral point is the antbmetac mean of the junc- 
tion temperatures 

Fig, 88>’,i, page 199, gives a tharmo-electno diagram for 
a number of metals. 

SSI. The Thermo-ELeobno Couple treated Analytically. 
— The total EMJ corves being practically parabolas may, when 
the angmia at the absolute aero^ beexpresteahy the equation 

EmaT+bT* . (1) 

where E denotes tie electromotive force m a oonple with one junc- 
tion at absolute urn and the other at temperature Ton the absolute 
■cab, end a and b ate constants depending upon the metals of the 
ample 

It follows from tins that the electromotive fane far a couple with 
junctions at temperatures and T t is given by 

- «(T t - jy + 6 (2y - TS) „ (2) 

Further, from the equation 

E^aT + bT* 

we get, by differentiating, 

gf-a + SMr 

Or, representing dEfdT by y, we have 

y = 2 bT + a (8) 

_ This is the equation of a straight line in which 26 represents, m 
the usual way, the tangent of toe angle made by the line mil the 
poeiUre direction of the ana of t emp erat ur e, and a it the intercept 
on the am of thermo-electao power 

Also from y m 2!>T + a 


and trace * B - » A B 


wehava r B - v A a SbT, 

or, it ^ a 0, we have 


Xhns at any temperature 


*•, b»!T 


- M 
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pwer iEldTu ut^^d therefwe ft£ l ,,,BW> ^ ^™ lal8cl ™ 
V = 265P 4 a 

wo got 2ir* + a a o, 

where T m denotea the neutral point 
This gives 
end 


T» =- 

26 


( 6 ) 

(6) 


Substituting this lalueofa in the expression for we get 


This 
For the 


wonda with the formula given above ifi=-j 
lne of n we have, from the relation 

H = 2^, 

Sr 


by eubstitnting for dB/dT, the equation (3) 
D= ai T + 26T* 


(8) 


Alao in a couple with jnnoUona at temperatere and T. the 
energy absorbed in the oiwmt per nmt quantity of eleotnoitv u 
given by 

II, = oT, + 262 1 , 1 at the T, junction, 

- Hi as - (or, + 26 2 1 ! 1 ) at the T x junotion, 


lh d *~R’ ja ’ m Sr>‘-' JiT 
' —fi 


TdT =-b{T t ' - Tfl 

in the two oondnotors 
Hence the total energy absorbed in the circuit is given by the 
sum of these quantities, and is equal to 

a{T,-Ti) + b{7, i -T 1 i ) (B) 

This is tile measure of the eleotromotave force in the omrait 
(See (2)) 

H the thermo eleotno power at (FO be denoted fay Oj, the thermo 

.1 1 >6 «■ atn«lai>i6lw mmm liw * Oht FPLm «•!■■■■ 



OX Bg UUU Wt VB* matte utawm jnwu wu a» aoi » auot a^i i w 

a range of temperature extending from - 200° 0 to 100 0 The 
values are such as to give the thermo elec trio power in microvolts 
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2b 

Antimony 

1800 

•03817 

Bunmth 

-73080 

> 08480 

Copper 

Cobalt 

3815 
-15 583 

•00688 

-07840 

Iron 

15-087 

> 01880 

Mercury 

-4460 

- 00800 

Nickel 

>16-060 

- 05688 

Silver 

3860 

00714 

Zinc 

8718 

01040 


222. Abnormal SCotaibh^-The area of the parabolas in 
I'lgB 880 and 881 are assumed parallel to tha EM 1?. mob 
Recent experiment* indicate, however, that (when coupled 
with lead) copper, nickel, abumniam, platinum, cadmium. 



s FTTTf 

Fig 887 


873“ 1073“ 

tog. 838 


and. m an g anese give inclined axes, and the thenno- 
siejotnopower lmes will not he straight Maes. The general 
shape cf the nickel line uahownm fig 887 and of the iron 
lme <rf high imvpendwru in Fig 888. Other unwind mntni. 
may became abnormal at sufficiently hi gh temperatures. 


„ Practical hnpllca- 

tteuu~Th» Thcnawrila fFia 
JB8J mnsiata of a number of 
™nralh-*ni3Tnany ocmpte at- 
nnged m eenee w m to nmlta- 
fij toe effect. If one »t of 
J* preieoted u m- 
*»W, whifcW be allowed 
to fill on the other set, the 
gah mounter joined to the m- 
wtnmwt will be deflected, and 
to® dmwiUoa may bo mod as 


RADIANT 

HEAT 



tog 989 


— ■ "■wi wwi uuy uo usfsa. as 

foiling on the exposed wnction. The mam 

JSSSSSSSSSiSH*' — 1 
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Boys’Badio-IiIicrometens similar to the Suddell Thermo- 
Galvanometer (Art 180), the heater being omitted The moving 
coil consists of a single loop of copper suspended between the poles 
by s quartz fibre. The two lower ends of the coil hang below the 
magnets and cany a small bismuth antimony couple attached to a 
very tbm blackened copper disc , the couple is screened from the 
magnetao field by a jacket of soft iron. When radiation tolls upon 
the couple a thermo-current flows in the coil end the letter is 
deflected This instrument is extremely sensitive , it gives quite 
s good deflection with on amount of heat equal to that which would 
fafi upon a diso J" diameter from a candle 1,600 toet distent. 

In Callendar's Radio Balance for the measurement of radiant 



heat a hladkened copper diso is fixed to the junction of four iron 

and fonr constanbn wires (Fig 
390), and another iron canstantm 
couple leads to the galvanometer 
<?. Another circuit, os indicated, 
contains a batteiy, an adjustable 
resistance, end a nnlhammeter 
When radiation falls on the disc 
n thermo-current flows and the 
galvanometer is deflected, but S 
is adjusted and such a current 
passed that the Peltier cooling 
effect cancels this and the gal- 
vanometer deflection is reduced 
to zero Knowing the current 
Fig 380 and the Peltier Coefficient the 

rate of absorption of energy by 
the duo is known. In the actual instrument there are two similar 
disc^ and m later patterns the discs arc replaced by small caps , it 
is used in experiments on radio-acting 
The Thermo-Couple Pyrometer for the measurement oftem- 
rjeraturesnp to about 1,200’G consists of* platinum and plataum- 
ihodium alloy couple The circuit includes 
a galvanometer, and the temperature ot toe 

‘■cola junction,” te. toe eonneobons to the r 

galvanometer, is kept constant. The gal- 0 , , ^ 

Tonometer is calibrated so that the detfeo- g ^ jn 

bona give the temperatures to wtoeh tbo 

»hot & junobon is aub^etod R«8nmfly 


tbecoupleoon si sta ot platinum ana piauuum- 

indium alloy , * _ 

TOeming's Thermo - Willi amm eter Fig SSI 
p&ttr 8811 consists of a fine °* , .* _ 

?2L2iJ Carnes the small current to be measured), a 

wuple, B, soldered to GO, end a galvanometer, 
toe couple B are in a vacuum When a 
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it puns 00 u heated, the nustfam B 1b raised “ temp«a- 
a thermo-ouTrant flows, ami the, galva nometer n de fleot^l 
me instrument is calibrated by passing known currents through UU 

TharmoOBUotrio Qeaecatom are not, so far, a ooimnenaal 

gtnulkj of 109 volts 

Centigrade Tmm 



Not* that ths copper, kItst, nno, and eadunm tau* dope up- 
wards to the right (Thomson Effect positive), whilst the Ir on, steel, 
and platnmzn nope downwards {Thomson Effect negative] 

Exorcises XT. 

Section. B. 

(1) A. thomopile is Joined np in senes with a Darnell’s oeQ and 
the esrrent allowod to flow for a short time The thermopile is 
then removed from the aronlt end connected with the terminals 
of a galvanometer, the needle of which u thereupon considerably de- 
flected hut gradually returns to its undisturbed position EvglMn 
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Section C 

(1} Give Kelvin’s theoiy of the thermo eleatno oironit, and find 
an expression for the BMP if the Speoifio Heat of eleotnoity 
varies inversely as the absolute temperature (BE Hons) 

(2) Suppose that at some point in an eleotno ououit heat was 

being developed by the passage of the ourrent Desonbe how yon 
would determine whether the heating was doe to a resistance or to 
a thermo eleotno (Peltier) effect (Inter BSo Hons} 

(3) What is meant by thermo eleotno power, and how oan the 

data for a diagram representing it be obtained ? (BSo) 

(4) The thermo eleotno power of iron » 1,734 micro volts per 

degree at 0 s and 1,247 at 10(r, and Hut of ooppsr is 136 at 0° and 231 
at 100° Construct a thermo eleotno diagram for these metals, lead 
being the standatd, and state how the amounts of heat absorbed 
and given ont m the different parte of a oopper-iron circuit with its 
ltmoraons at 0° and 100° when there u a ourrent of O amperes are 
shown in the diagram Calonlate also the eleotromotrve force in 
volte (BSo) 

(5) Explain olearly what u meant by the "speoifio beat of 

eleotnoity ” , , ,, 

Along a metal rod whose area of ones seotion is I sq om mere 
u a uniform temperature gradient of 1° 0 per centimetre The 
speoifio resistance of the material of the rod is IfiO microhms per 
oenfametroonbe - 


end *7tom^^ ^d,ent la unaltered Oalenlate lie 

heat of eleotnoity for this metal. 

(61 What is meant by the speoifio heat of eleotnoity? Assuming 
that the E M 7 of a rnnnut of two metals with the ooM jnnotaon 


to a parabolic law, show that the difference 


to the absolute temperature ““ ' 

(71 Prove that the coefficient of the Peltier Effect at a given June 

■ V. 


pression As ot f » » fte p^ber and 

determinations are mane. 
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an unknown resistance (say P) can be found if tbe other 
three are known, or if one of the adjacent resistances (B 
or 8) be known and the ratio of the other tiro be also 
known The Metre Bridge and Post Office Box are 
practical applications of the Wheatstone Bndge 


225 Sensitiveness of the Bridge —An examination of Fig 
392 will show that if the positions of tide galvanometer and battery 
be interchanged the relation established above will stall hold , the 
sensitiveness may, however, be quite different in the two eases The 
greater the galvanometer current due to a small look of balance the 
more sensitive is the arrangement. Applying the method of Art 
102 to Fig 392, the expression for the galvanometer current is 

sjis-m 

Tn considering the effect on tins of interchanging B and 0 the 
first term in the denominator may be neglected since it contains the 
product BO and will not be altered by interchanging B and 0 
The last two terms do not contain B or 0 and may bo negleoted 
The part to be considered is therefore 

£IP+K)IQ+S)+GIQ+B){P+BI w 

If B and 0 be interchanged thu beoomes 

fl , (/’ + jR)(G+S)+£(G + B >l p+ ^ • (ft 

Hence (o) — (W ■* (B - G) (P — Q) [5 — B) 

Now assume B greater l turn Good let P an * s J* W? % c ™‘ 
canson with Q and $ the factors (B - 0) and [P ~ Q) «® 
wsitive whilst (£— B) is negative, so that the expression on the 

dlwruaor in the mrnmjn 'the 



-aBCf/SCS JJjKKTwrtiTai - s must be 
frTyjyiB to obtf"! the more sensitive arrange- 
Jt LS £ following rule I Thchsvcr has (he 
f °? fc mL l he batten/ or (he galvanometer— must be put 

the two to . iwr r““ < SJ^n-ssKm for the galvanometeroummt, that 

d ^JpQ,^T dP/^= B /Q< th ® g alvonomot ® r oorrBnfc " 

(Arts 102,224) 

«ob Measurement of Resistance by the Ketee 
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draper of negligible resistance fixed, to a board and pro* 
tided with two gaps for the insertion of the resistance to 
be measured and a standard resistance with which it is 
compared A straight, 
h&Ttt uniform wire 1 metre 
m length jams the two 
end pieces and has 
it a scale divided 
into 1,000 equal parte. 

By means of a slider, con* 
tact can be made at any 
point on the wire, the 
exact position of which is 
indicated by a pointer at- fig 888 

tabbed to the slider and 

moving over the seals The connections ate shown in 
Kg 393, m which P is the unknown Tamufapm^ and 8 
a standard known resistance of somewhat mrmilnr magni- 
tude The experiment consists m (1) closing K and (2) 
moving the alder along the wire until a point of contact 
Js is reached at which the galvanometer is nob 
With this condition realised. 




Resistance P _ Res AB _ laswfeh 4 ft 




for, since the wire is uniform, resistance is proportional to 
length, hence 


Res. of Pa= 



x Res 8 
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Erp 3 To find ike temperature coefficient of copper— The 
copper wire u wound on a hollow perforated bobbin and placed in 
a vessel containing oil, a thermometer, and a stirrer This vessel 
is placed in an outer vessel containing water which can be heated. 
The copper wire is connected to the gap of the hndge by a pair of 
thick copper leads Before heating measure the resistance of the 
coil and note its temperature Gradually raise the temperature, 
keeping the oil well stirred When the temperature has risen 
about 10' C remove the beater, oontume starring about a minute, 
and then measure the resistance, notang the temperature when the 
balance is obtained. Repeat, using temperature rises of about 10* 0 
np to 1(XF 0 Take a similar set of measurements during cooling 
Plot two curves, one for heating, the other for cooling, with tem- 
perature as abscissae and resistance as ordinates. Selecting the 
better curve, let J? fl - resistance at any temperature tj, and 
Su = resistance at another temperature t% j then 

+ -B„ = 2f„ a + <*.)» 

. *..- 1 + «<i, it.s.Vk 

Another form a£ Wheatstone Bridge fa the Post Office 
Box* m with this we shall for convenience write 

relation^ Art 224, v fa Pf8 = B/Q,m the form 
Hjp—QjS, and shall assume 8 to be the unknown 

^The Post Office Box consists of a number of coils of 

the fourth consisting 
of the coil whose re- 
sistance is to be deter- 
mined The method 
in which the coils are 
fixed and manipulated 
is shown m 1% 894 
Their ends are at- 
tached to solid brass 
blocks separated from 
each other hjy conical 
gaps, into winch com- 

t-rass ulugs can be inserted. By inserting a plug flat 
“JSXStfflCB IB cut out of circuit, for the current 
^ block to the next through the plugs 
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remoring a plug necessitates the current gomg through 
the cod, tiros adding that resistance to the circuit _ The 
coils axe doubled upon themsebres in the manner indicated 
so as to ehmmate the effects of inductance 
A. plan of the box end its connections is shown m 
Pig. 395 The arms P and B are known aa the ratio 
arms} each consists of three cods of 10, 100, end 1,000 
ohms resistance Q is called the iheostat sm.andconsista 
of a senes of coils whereby resistances ranging from X to 
10,000 ohms can he obtested 8 is the unknown resist- 
ance The lettering of the hot is identical with Pig 892 
The manipulations will be understood by con s id erin g the 
following experiment* 


ELECTEICAIi MEASUREMENTS 


MaU JR equal to 1,000 ohm*, leeping P equal to 10 ohm, Rod 
again try to find a value for Q for no defleahoa In tins case, since 
if is equal to 100P, Q most be equal to 1005 for a balance , in the 
test in question it ms therefore only necessary to work with 
resistances between 230 and 210 ohms m Q On taking 237 ohms 
the galvanometer was not deflected, hence S -mu equal to 237 
ohms 


fihmild two consecutive resistances in the third stop still 
produce deflec tions in opposite directions, the true value 
may be found by interpolation To take an example. If 
237 gave a deflection of 30 divisions to the right, 
and 238 gave 40 divisions to the left, a balance would he 
obtained if Q could be made equal to 237 + it 
237428 ohms; in this case the value of 8 would he 

2 37428 ohms t , 

If the unknown resistance is very large, M must retain 
its value, 10 ohms, throughout, and P must he made equal 
to (say) 1,000 B being yfor of P, Q must be fa of the 
unknown to secure a bamnes Thus, if 1,208 from Q 
gives no deflection, the value of 8 is 120,800 ohms 

227. Errors, Corrections, and Precautions in Metre 
Bridge Work.— The sources of error m Metre Bridge work 
may be briefly summarised as follows — 

ri) tack of uniformity in tbe bridge wire To avoid 
the errors arising from this the wire must ^calibrated so 
that the ratio Bes AEfBes EG is accurately known 
f2) Resistance of the end pieces too large and unequal 
to be neglected These are determined experimentally as 
eauivalent to bo many divisions of bndgeiwe, and these 
are added to the respective sections AE and EG each time 

/q\ rm, B non-coincidence of the pointer (which moves 
M SjSwitli the edge of the tapper (which makes 
along tne j j t Jg Been that the error is 

.i -a. 
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oily allowed to flow for short intervals of tune Special 
precautions must he taken in special cases If the tem- 
perature and temp e r a t u re coefficients be known, corrections 
can he made 

(6) Errors doe to thermo-electno effects These an 
eliminated by tunng a reversing key in the battery circuit 
and balancing vnth. current in opposite directions in the 
bridge ( Explam tins ) 

Sn 1. To calibrate a bndgt wire —There are many methods m 
nse; toe folUymsff briefly outlines one method* In Fig 388 B is 
an acatunolator, R a rheostat, and O a galvanometer; the current 
inchoated by O mart be kept oonstent P t , P. an two oontaota 
oonneoted to a high resistance galvanometer HQ With a steady 
■moll onrrentpaarmg, P„ P, are plaoed on the win at 0-50 and the 
deflection ot HQ u noted , thu is proportional to the PD and 
therefore to the resistance of thu part The oontaota Pj, P t are then 
plaoed on SO- 100, 100-150, eto , and the observations are repeated. 



If dj, d],cL,ata ,be the deflections, then cfj is proportional to the 
lenstenee of the pert 0 to 60, (dt +dj to the pert 0 to 100, 
(di + d s + dj to the part 0 to ISO, and so on A curve is nowplotai 
with Rsde divisions as ordinates, and the sum of the deflections 
di + dj, eto , from zero to the soale divisions as abscissae. Booh a 
emrve, in which the sum of eiQ the defleotions for the whole wire 
0-1000 is 820, is indicated m Fig 897. Clearly if m a test a 
balanoe is obtained at .division 450, the ratio of the resistances is 
not 460/350 * 82, bat 376/(821 - 876) a 370/444 * <840 
By inserting a standard low resistance (5) and noting the dafleo- 
tun (D) when SO is joined to it, the actoal resistance correspond- 
ing to the deflections may be found ; thns the resistance of the first 
section is <f, S/D Hence the deflection carve may be masked to 
nsd the actual resistance of the wire. 

V AHD E 88 
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raiBiances, so t&at the ratio P/S ~ r tsar) ■?« l~„~r r HI - ‘ 

3sas&E2&&8& 

P _ d, - a 

S { gr^Xp = r 0) 

■^SESTi^SSi# * b “• 

S d, + « r ' 


From (1) 
From (2) 
>6 


P) 

(SJ 

w 


. <?•»■*■» _ I 

[L-i /, +p r 

+ a) «= r{L - dj) +rfl 
Hdt + e) = [L - df) + ft 
- ^fd- + c) = rf £ - rf.J + r £ 

Eliminating /> bj subtracting (3) and (4)— - 
. _ d, -f rfd, - d.) -r=cfe 

-j--- 1, 

/3 can similarly be found. 

* 

Exp 3 To iRWure tnth greater accuracy the rtfi^aace of a jty 
by the Metre Bridge . — The form of bridge shown in Fig 3«S permits 
of modifications to secure mater accuracy 
The best arrangement of the apparatus to secure maximum sen* 
ntiveness depends on the oonditicns of the experiment (see Art 22a) 
The resistance of the standard S should be of similar magnitude to 
that of P, and in a genera] way the wire resistance should bo about 
equal to their sum As the wire resistance is frequently somewhat 
low compared with that of the coils, approximately equal resistances 
it, ami Hs, each about equal to the unknown, are inserted as shown 
in Fig 39S. Assuming the wire uniform and the <tandards cor 
rented tor temperature, the modus operardt is ns follows — 

(1) Determine roughlv the value of P, and then select a standard 
Fond resistances R x and S t of somewhat similar magnitude Let 
B y be equivalent to jl divisions, and it. to n, divisions of the bndre 
wire. Let the end X have a resistance equal to a divisions, a"d 3T 
a resistance equal to b divisions of the wire. On balane ng as 
shown— 

P n,+a + l x 

J " Bj J- 6 + {1000 - iy 

(3) Reverse current, balance, and obtain the ratio P . 6 
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(3) Interohanga P and 8, and With the current going as m the 
first step, let £oe the balancing distance from the end X. In this 


f- nt + b + dOOO-jJ . 
- iT n t + a + <* 



Fig 898 


(4) Pvevcrao current, balanoe, and obtain the ratio P : B. 
Addsag numenvtott and denominators m (1) and (8) — 



Similarly find P from (2) and (4) and take the mean 


228. The Corny roster Bridge. — Fig 898 mill also 
Bern to oxplam the Carer Foster method of measurement 
with the bridge la this case JB, and- JBj, which are 
generally of about (he same value, ere the two r esistances 
under examination. Let & he the resistance of the end X, 
jS the resistance of the end Y, X the total length of twidgn 
wire, and let p denote the resistance per unit length 
Balancing os indicated in Fig 898 we have 


P _ Pi + * + fi, 

$ «3 +P + P (L 


Now let B, and £3 ho interchanged and let ^ be the 
balancing distance from the end X , nance 


P _ 
F~ 


B 3 -j- a + pl g 

*, + £ + pW-3' 


% 
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Thus— 

A + a + Ph _ .Ba + b + 

Ra + P + p{L — li) Bj+/J+p(L-/j)' 

Adding 1 to each side we get 

B« + ff + pL-f.B, + « H, + P + pl + R, + g 
■Bj + P + pi — pl t E 1 + p + pL —pL 

Here the numeiatois are the same, hence the denominators 
are equal, equating the denominators we get 

22, — = p (lj — lj) = Bas of the part (Jj — l,) 

Thus the difference between the two resistances B l and 
22g is equal to the resistance of the bridge wire between 
the two balancing points , the result, it will be noted, 
does not involve the end pieces or the values of P and 
8 The resistance of the length (f 8 — /,) may be taken 
from the calibration curve, and if 22, be known B, is 
determined 

Thu method can be employed for “ calibration ” if B x - 22, be 
accurately known, for p — (R, - BtWf ~ fjl i thus if either Pot 8 
om be slightly altered at will, so os to bring the balancing points to 
various parts of the wire, p for the parts in question can be 
determined. 

229. The Calendar and Griffiths Bridge.— This 
bridge is used with the platinum thermometer for the 
measurement of temperature In Pig 899 the arms P 
and 8 of the bridge are equal Leads join the thermo- 
meter j pi to the gap m the arm Q, and a similar pair of 
dummy leads close to the main ones is connected to a gap 
in the arm B, thus the resistance of the leads is eli- 
minated The wire db is 50 cm long and its resistance 
is 25 ohm, at r there are eight coils, the resistances 
being 1, 2, 4, 8, 1 6, 8 2, 6 4, and 12 8 ohms The tapper 
consists of a slider E which connects ob and ed The 
thermometer itself consists of a platinum coil in a tube 
of elazed porcelain or glass 

la testing, the thermometer is subjected to the unknown 
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temperature and the bridge balanced for so deflection , if 
flue occurs with, the slider a cm from, the centre of rib 


P 2J _ It r + b -j- px 

1“ Q“ r+Jd + b — pet 

■where Z is the resistance of the 
leads, b the resistance of half the 
wire rib, and p the resistance of 
one cm of it, tint P is equal to 
& hence 

l+pt + b—px — l+r + b+pa, 

pfa=r + 2pai = r+ jjg. 

Knowing the resistance ft of 
the thermometer, the tempera- 
ture to which it is exposed is 
known The battery (not shown) 
joins the P, B and 8, Q junctions, as usual 



230, measurement of High Bestatanoe. — The 
Wheatstone Bridge is u nsui t ab l e for the measurement of 
high resistances of the order of a megohm, since the con- 


rQ> 


h— Ri — 


I — eb - - 1 




Fig 400. 


dittoes for sensitiveness most he violated. Of the many 
methods in use two will he briefly described here* — 


Exp 1. To measure a high rautancs by (hi futoitadm method. 
—Join up as in Tig 400, whew B is a convenient batteiy, JR a high 
Kiutaneo (of the order 100,000 ohm*}, O a high resistance galnao- 
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meter, K a u ell insulated key, and X the high resistance to be 
moasured, With the lever on the upper stud a the deflection D, 
of the galvanometer is obtained A known resistance r is now 
lntrodaoed, X boing out out of oiromt by moving the leier to the 
stud 6 Tho resistance li x (also r if necessary) is adjusted, the 
total B botweon 0 and D being kopt constant, until a deflcotion 
D t of somewhat similar magnitude to 2> t is obtained If e be the 
I? D between C and D, e 1 tha P D botweon 0 and B, I\ the cur- 
rent m tho galvanomotar in tho first case, and I t the oarrent in it 
in tha second case, 

y £ r — e i 

fl ~ a+T' h ~ 0+P 


. h _ e G + r 

"i-Tstr+T 


t e 


D\ __ B t? + r 
T t i?, G + X 


or Is hW + r)-_D>M 
"i"i 


The resistance of the insolation of a cable may be 
found by the method outlined above The cable is coiled 
up m a metal tank containing water, the ends only being 
outside, and these an well insulated to prevent leakage 
One end of the melal core is joined via the key (stud a) 
to the galvanometer, the other end of the core being left 
« free,” and the metal tank, which through the water ib in 
contact with the outside of the insulation, ib joined to the 
end 2? of the high resistance B , thus the insulation bases 
the place of X in Fig 400 

The specific resistance of the dielectric may now be 
found by the relation of Art 159, vis — 

(Insulation resistance 1 ) f S eg v i. v W.~* ]■ ohms, 
1 of length I inches J“l 8W * T X glfl r, > 
where s is the specific resistance in ohms per inch ® ube ' r » 
and r, the external end internal diameters (or radii; oi tne 
insulation, and l the length of the cable in inches 

- x>xn S To mtature a high rettstotittt by lb* bw* of 
„„w _Tbe " loss of charge ’^method is suitable for the rneasura 
ment of the dieleotno resistance of n oondenaer or short 

wmmmM 
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bal fells iftli u inchoated by tbe falling deflection of tbs eleotro 
meter Time readmes of the deflection are taken and a onrre 
plotted with turn as abseissae and defleotuma as ordinates Select- 
ing now any two points on the 
enne let ft denote the deflec- 
tion ewrespooding to the first 
point and ft that corresponding 
to the seoond, and 1st t seconds 
be the time interval between the 
two; the dielectric resistance 
S is found from the relation Mg 4 (MU 

«r - (see below), 

28028 0 log„^ 

where Oa the oapaoity of the eondeneer With 0 in miarofuads 
S will be in mtgibm 

In the prewlusg it u assumed that the leakage only takes place 
at the condenser To allow for any leakage at the electrometer we 
praoeed tarns- — The ecmdenser B is out out and the electrometer 
°°y “barged Tune readings of the deflection an taken and a 
cmwa plotted showing the mil of potential dee to leakage at M. 
Xha e xperi ment is repeated with B in the aucutes explained above, 
ana acnrT B-phAtedehgwnigtha fall due to B and a Prom the 
two onrvee the fall due to B alone is obtained. 


The expression for 22 m the nwanadim may be readily 
establmh^ If Q be the charge oa few&tem at say 
matant, V the potential, and 0 the capacity, 



Integrating, wb arrive at the result 
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Time Constant of a Condenser — Consider a condenser 
slowly discharging through a high resistance B which con- 
nects its terminals Reasoning Birmlnr to the above may 
be applied, the leakage now being considered to take 
through this resistance B If F, be the initial and V, the 
final PJD for an interval of t seconds, x 

F, 




te 


P, 

e ~ M =r i « F, = F, « 




t 

a. 


Ht — BC, H = F,c = — Fj Thus, if a charged con- 

c 

denser has its coats connected by a wire of resistance 

B ohms, the potential (and charge) will fall to — e L_ 

s 2 71828 

of its initial value, m a time BO seconds — e or 2 71828 
bang the base of the Napienan logari thms BC seconds 
u called tie time constant of a condenser of capacity C 
discharging through a resistance B Neglecting leakage 
through the condenser the method outlined above may 
evidently be used to find the value of the high resistance 
B joining the terminals and through which the condenser 
is slowly discharging 

231. Measurement of lov Resistance, — In the 
methods indicated below, the low resistance to be measured 
is put in senes with a standard low resistance and the fall 
of potential m the two compared (I) by means of a cali- 
brated wire, (2) by 
the galvanometer de- 
flections 



Exp 1 To measure 
a low resistance using a 
calibrated trms. — In Fig 
402 AC is a standard 
(calibrated) low resis- 
tance wire joined to an 
accumulator B and an 
The unknown resistance J and a standard 


adjustable resistance r 
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low resistance oC somewhat similar magnitude 8 ace aonneated in 
senes, and the two pst in parallel with the standard wire A 
sensitive galvanometer has one terminal joined to (me end o! the 
unknown, and by means of a movable contact a point a u found 
on the wire soon that the galvanometer m not deflected This is 
repeated at the other end of the unknown, and at both ends of 8, 
es shown by the dotted lines in the figure ; dearly then 


P D at the ends of X = P.D between a and tC, 
end P IX at the ends of 8 a P.D between b and V ; 


P D at the ends of X 
Pb at the ends off 
Keg X 

'* SS“S 


P. D between a and a 
“PUbetwe^bandb'’ 
_ Res an* 

■SSTF' 


and. this may be written Length m'/Length W if the wire be qmte 
uniform ; tone X u determined 


irr 


■in 

Fig 408 


— „ 2 To measure a lav 
resistance by compar is o n 
deflections — In this case 

™3) the ende of X and fi 

the high reeutanoe galvano- 
meter 0 ere aonneated to a 
PbhPe oommutator P By 
meana of the latter O is first pot across X and (he deflection d, u 
no^l, it is then put aorou 8 and the deflection d, u noted ; 

Bee. X _ P D at the ends of X d, 

8*s 8 P 1) at the ends of 8 " i’ 



. 832. Measmgement of Battery Resistance. — Bat- 
tery are not a great miwess.f rathe resulted 

B P® B “8 current the battery is giving (decreasing as the 
current increases) and polarisation affects raany resistance 
“ terminafclonB » following methods are typical and 


L X T» die condenser 

r* **J£**t Flg ^ re* 1 ***®* of which (6) u 

0 18 ooondenser, BO a bauutm galvanometer, Xa charge 
and discharge key, and r a known resistance »«™ge 

With r disconnected from B, charge the condenser by depressing 
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Discharge the 



K, and note the first swing of BO, let this be d< 
oondenser 

Connect the poles of B by the resistance r and Main charge 0, 
noting the first swing, d* of BO. Duohaics 
the condenser 

If E be the EM? of the oell and 7 its 
terminal potential difference when joined by 
r, the charge given to the condenser in the 
first case is OB and m the second case 07, 
where 0 denotes the capamfcy of the conden 
ser , hence d^ d^-CE 07 «■ E 7 Agava, 
the oorrent in r is given by Ellb + r), and 
also by 7fr(Att 166) , hence B 7= {b+r) r 
Clearly then 

. 6 x= r -4.^7.4 

Exp 8 To measure the resistance of an 
Ftg 404 accumulator by the ammeter and high rests 

tones galvanometer method — Briefly this ex 
penment is earned out as follows — 

(1) A. reflecting galvanometer, with a large resistance (100,000 
ohms) in senes with it, is connected to the poles of the accumulator 
and die deflection di observed 

(2) The poles of the oell are now joined to a seoond circuit con 
mating of an ammeter and variable resistance, and the latter is 
adjusted till a current of (say) 10 amperes is registered While 
this current la flowing the galvanometer deflection <2, is read 

(3) The accumulator and ammeter circuit are removed, a standard 
cell (E M F s= 1 434 volts) put in senes with the gahanometerand 
its high resistance, and the deflection d, observed 

A dwflnntifm dj is produced by a pressure of lst34 volts , 

„ d, „ „ » §xl 434 volts 


and 


da 


<h 

4 x 1 434 volts 


Aga in, if E be the E M F of a oell and 7 the terminal potential 
difference when a current passes, E - 7 is the volts used m the 
cell, and if / he the current In the cell— 

Rea of oell = — jZ 

Now, in Case 1 the cell is practically on open circuit, so that 
x 1 434} volts is its E M F E} the torminalPD m Owo2is 
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x 1 434 1 volts, and negleattng the small portion taken by the 

galvanometer 10 amperes may be taken as the current m the accu- 
mulator , hence 

I J1484 

Bee of cell i 


liw-l 
10 

|‘1434 d ? J-^lj ohms 


Em 3. 2b memos the nnotaneo of a edlbv Beetds method — 
In Kg 405 PQ u a calibrated wire, B the cell mage resistance b is 
required, 0 a second oell of mailer B if F, and & a galvanometer 
The positive pole at B is connected to P, and the negative pole to 
some point 0 , the positive pole of 0 
is also oonneoted to P, and the nega- 
tive pde to some point T between P 
and 8 The potential difference be- 
tween P end Trends to drive a enrxent 
through the lower bnnah in the direc- 
tion FOOT, whilst the EUF of the 
cell O tends to drive a aarrent through hhg 405 

the lower hnnoh m the direatom 

TQOP Clearly it will be possible to find a pomt T such that Q is 
not detected, m which ease thtPD between P and T mil be equal 
to the B JI.F of 0, hence the teat is as follows —With the oon- 
neatuma as shown find the pomt 2 1 for no deflection If S and ET 
be the S M V ’s of B and 0, B and r the resistances of PB and PT, 
then 

Oorrentin jRSsr ~ ^r* 

- *- * + * 

P 7 — 

Alter toe contaat 5 to 5T and find a point 2* for no deflection, if 
X sad t> be the mautanoea of PB oadPT— 

E b + X 
S ~P * 

.-.L±5 = 6+Z. ie.6 = ^Z-^. 

r r P -r 

The mil 3 must not be allowed to give a curre nt for any length 
of tone , in practice K is (dosed end contaat quickly made at T, end 
if O is deflected K and T are immediately opened} ftn is repeated 
until the required pomt T is found 

£1 the electrometer method the oell is connected to 
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known resistance B and the log dec y, is 
Finally the terminals are short circuited, t e joined by a 
short thick wire of negligible resistance, and the log dec 
y a is determined It is easy to show that 


<?=*=* 3, 

y»-y* 

where 0 is the galvanometer resistance 

In the above we may write y = P + w hero y is the 

logarithm™ deoroment, 0 the galvanometer resistance, B the 
reeiBtanoe joining the terminals, and P and Q are constants Now 
xn case (1) 


1 '= J,+ 45' J ’ +0 ' 


p, 


Q = [0 + B)[y i -y l ) 


and in ease (2) 

n = * + irh’ 

In ease ( 3 ) 

V*~ P+ % m 7i + “§• G =* (% - TilO 1 

Hence {O + 1 ?) (7, -7 ,)=>(? {7, - 7,), 

q = k-.1\r. 

Ys"Y* 


234. Measurement of Hleotrolytio Besistance. — 
An obvious difficulty in these measurements is the fact 
that in most cases a back BMP is set up, which, with 
ordmaty methods of testing, would appear os a lesistance, 
and, further, the back E M E itself is not constant In 
practice the electrodes ora invariably of platinum coated 
with " platinum black ” The following methods, amongst 
others, nave been resorted to — 

(1) Eohlrausch’s Method —This is a metre bndge method, 
the electrolyte being m one gap and a standard resistance 
in the other Current is supplied by the secondary of an 
induction coil, and as this is rapidly alternating in direc- 
tion the opposite polaruing effects at the electrodes 
neutralise each other Balance is obtained by means of a 
telephone, the balancing point being that for which the 
sound in the receiver is a minimum The condenser of 
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Aw (4)— 

t 

From (6)— 
From (OJ— 


0 - *- + Pp - ■B(g-g) + i , («-g) 

y g g 

.. Gfc = -B?- *0 + P* - P(h 

'“•sqHrTT {fl) 

f .JEdgpA£, 

_ *qg+ W 

9 8(0 + E + h' 

• s = +% 


Now, if AS - OP — 0, the onrrerst g m ff will not depend anon 
the onrrent q, end therefore anil not amend upon tike current llfac 
fair change m l will alter q) , thus, if 8}Q *» P/8, the galvanometer 
deflection will be the nma whatever the ocnditian of the path K, 
end, therefore, whether the key K se open or aloeed 


283. Measurement of Galvanometer ILesistance, — 
The moat B&iasfaotoiy method u to remora the needle and 
suspension in. the cam of a moving needle galvanometer, or 
damp the coil m the cam of a moving coil galvanometer, 
and measure the resistance m the usual way (Art 226) , 
this necessitates, of course, the use of a second galvano- 
meter. 

In Kelvin’s method only the galvanometer under test 
is employed Thu galvanometer la placed in the azm of 
the Wheatstone Bridge ordinarily occupied by die resist- 
ance to be measured (8 in Fig 892), and a bey is placed 
in the usual galvanometer branch . the galvanometer will 
be deflected Resistances are then adjusted until the 
galvanometer defledum w the same whether the Jceg referred 
to ts open or dosed , it u dear that, when this u so, the 
points 2) and JB (Fig 892) are at the Bams potential, and 
therefore the usual calculation may be applied 

The principle underlying the logarithmic decrement 
method which u applicable to a reflecting galvanometer 
is interesting The terminals of the galvanometer being 
left free, the log dec y, u determined by starting the 
system oscillating, and noting the amplitudes of successive 
wings (Art 190). The terminals are then joined as by 
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1,-1, 

r = p-i — 3 = 


P K > 



where k is a constant for the pair of tubes 


In determining k it is usual to allow for any difference in the 
cross section of the tubes as follows — Lot M = mass of mommy 
required to fill the longor tube, m — the mass required to fill the 
shorter tube, aj = cross seotioual area of longor tube, oj = oross- 
sectional area of shorter tube, and d ~ density of mercury , then 


M = Qjfjd, 


Now 


“a-gj 


r =. A - A- - ,( i. - A.) - , r 1 Ci-X 

«, v«i «,/ L V^f m, 


»& r =pn, p = t/k, 

whom*=d(g~£) 


235 Comparison and Determination of Electro- 
motive Poraes and Potential Differences. — One of the 
best methods of measuring and comparing BMP’s and 
P D ’s is that known os the potentiometer method, the 


e#f © — tp 



Fig 408 


principle of whioh has practically been referred to in Art 
282, Bxp. S The potentiometer of Pig 408 consists 
of seven uniform wires, each 1 metre in length, joined m 
senes by thi nk copper ban, as indicated scales graduated 
in millimetres are placed alongside the wires The po- 
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the induction coil should he removed, otherwise the 
currents m the two directions will not he equal, and 
polarisation will occur 

(2) Fitmainck't Method . — A better method, that of 
Fitzpatrick, is to supply continuous current from a battery 
as usual, harms also the ordinary Wheatstone Bridge 
connections, moulding the galvanometer, hut to pass the 
current first through a commutator, which ib rapidly 
rotated by a motor and continually rev e rses the curren t 
flow, whue at the same tame the motor, by means of 
another commutator, continually reverses the galvano- 
meter connections, so that the swings, If any, are all m 
one direction The galvanometer circuit is closed a little 
after the battery circuit and opened a little earlier to 
avoid inductive effects 


(8) Stroud-Hendenon Method — This is one of the best 
methods, and will be understood from Big. 407. The 
resistances 3 and Q am 
made equal and very large 
The resistance P is that of 
a tube of the liquid under 
test The resistance B is 
partly that of another tube 
of the liquid exactly like 
the first, except that it is 
much shorter and partly 
made up by an adjustable 
resistance This adjust- 
able resistance, r, is altered 
until the galvanometer 
shows no deflection, m 
winch case the resistance r equals that of a oolumn of the 
hqmd equal to the drfieience m length of the two 
Thus, although continuous current is employed, the 

e limitation effects am the same In both arms of the 
idge, their effect on the result is eliminated Further, 
if \ be the length of the longer tube, ^ that of the 
shorter tube, a the cross-sectional area of the tubes, and 
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more) is connected to the two points between which the 
PJD. is required, and the P.D. for a known fraction of this 
resistance is measured as above , from tins the f nil P D is 
readily found, since fall of potential is proportions! to 
resistance. Thus to measure the P D. between the leads 
CF (Pig 409) a resistance OF of 10,000 obmB is inserted 
as shown, and of this a part OS of SO ohms is connected 



Fig 409 Fig 410 


to the potentiometer, the high potential end O being joined 
to A If the b alan ci ng distance from A be 1,250 mm the 
P D between O and B is *001 x 1250 = 1 25 volts, and 
the full PD between O and F is 1 25 x = 250 
volts 

Exp 2 To measure a resistance by the potentiometer —The 
resistances X (Fig 410) to be measured is put in senes with a 
standard resistance 8, an accumulator, and an adjustable resist- 
ance The P D at the ends of the unknown is balanced on the 
potentiometer, as m the oass above This is repeated with the 
standard, and 

P D at ends of X _ (Current in J) (Res of X) _ Res of A* 

F D at ends of 8 ~ (Current in S\ (Res of jS) ~ Res o TF 
X. _ 001 x di _ di 

,e O' ~ 001 X dt “ 5T 

when d x and d. sre the distances in millimetres from A to the slid- 
ing oontaot at the balances 

gn, 3, To measure a current by the potentiometer —The 
current to bo measured is sent through a standard low resistance of 
*1 *01, or 001 ohm according to circumstances, and the P D at 
the ends of this standard is measured m the usual manner .thu 
P D. divided by the resistance gi\ es the current required With 
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ten faomefe r wire ii in ggrieB with an ammeter Alt (for the 
detection of any current variation during the experiment), 
a ping key (P), and a battery (E) of three good accumu- 
lators, the positive pole of the latter being joined to the 
end A of the wire 

The positive terminal of a Latimer Clark Standard Cell 
8 (EMJ = 1 484 volts at 16° 0.) is connected to the end 
A, the negative terminal bemg joined through a resistance 
M and a sensitive galvanometer Q to the Bhamg contact K 
placed 148 4 centimetres from the end A 

The P D between the points A and K produced by the 
battery JS tends to send a current through the lower 
branch m the direction ASQEK, whilst theEMP of the 
standard cell tends to drive a current m the opposite 
directum in this branch, via in the directum 3U&QBA 
By altering the current m the potentiometer it can be 
arranged that the P D between A and jf (given by the 
product of the current and the lesutanoe of this portion 
of the wire) is equal to the BMP of the cell 8, in winch 
case no current will flow in the lower branch and the 
galvanometer will not be deflected. Thu is n*fa»nnd by 
means of the slider X, consisting of a short piece at stout 
wire held firmly on the potentiometer wires ; the position 
of X is altered, thru varying file total resistance of the 
wires till no deflection is indicated , finally JE is removed 
for greater sensitiveness and X again slightly nhanput if 
necessary till there is absolutely no movement of the 
galvssometer. Clearly the P D between A and Z» now 
1484 volts, and since the distance AK u 1,484 milli- 
metres, each millimetre of the wue gives a P D of 001 
volt 


Exp X. To measure the BMP of a LedaneM eetl bu Oie 
yrttnhom der — S nbititnte for the standard odl 8 the 
oaU to betested, it* positive pole bemg oonneoted to the end A. 

sliding wntaot K natal the galvanometer 
defleoted H Zbe d mm from A at the balance, theE M P. 
^ ®ftbe Imihwht ii (001 x d) lolts. With thelpwStns of Via 
^ 408 anj E.M P np to about 6J \olts eaa bemeasiJeclin this nay f 

^ measured is a large one, say of file 

^°rder 200 or 250 Tolts, a high resistance (ltyOOO ohms or 

U AND E on 
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of the colls, keeping tho total resistance ns before, and lot 0. bo tho 
deflect ion If L\ bo tbo creator nnd tho loader C M F , nnd if K 
tw the mluotion factor of the gnUannineter, 

~'j t - = K tan fl„ = K tan #„ 

tihero /( ia tlio total resistance , heneo 
E,±£ = tanf i 

Ai - A, ""tan <>,’ 

• /i =. ton fli 4 tan P . 

“ A. tan ff, - tan 6 } 

Exp. 6 To comport the K Ml 'to/ two ctlh by the Lnmtden 
method — Connection!! are made ns shown in Fig 412, nnd U, and 
I?, adjusted for no dcfhaion The 
resistance it, is then altered to if, 1 

s. and R t adjusted to If,', so that ngnm 

\ | tlu.ro is no dcflcotion If E. ana E 2 

-*-i r-*-i bo tho K M F s, if, and /?, the resis 

R, Cl _ fanecs of tho cells, and 0 tho enhano 

*-Tr J ‘ tnctor resistance, then in tho first ca*o 

I v/ J H- 1 wolmto 


' Q) l 


Tig 412 deflected, x 

& - 

A, ~ lf a + Z», 

Similarly, in tho second case— 

Ej _ //,» + /?, 

A, A, 1 4 IS.’ 

. A’, _ i?i* + Ji — (I? i t H i) 
“ if, “ K,» + A. - (II, + II.) 


E v = (If, + 2f,)r + ff {* - y), 

A, s= (If, + A t )y 4- 0{y - *). 

and, since the gaJianomotor u not 
deflected, x Bp, honco 




E x p. 0 . To meamie the EM F. of a tell by tht condenser 
method —A condenser of cnpaoitj 0 is oharged bj tho colt of 
15 M F. Ei, then discharged through a balhstio enhnnomotor, and 
tho first svring rf| is noted This is repented with a cell of known 
15.M.F , E*i nnd tho first sw mg d. is obsen cd , olonrly— 

d, ce Charge in Cnso 1 « CE t , 
d t k Cliargo m Case 2 ec C1I V 
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J volts can be measured, end this at the 

y) -001 ohm would mean a current of 

ey-OOl, * e 6,500 amperes ; tires it is that large currents can be 
meaanred by the potentiometer method. 

To measure the resistance of a cell by the potentiometer 
the cell u connected to the potentiometer as in Exp 1, 
and da E ME S is balanced Its poles are then joined 
by a remittance r, and the terminal PE V is balanced, 
©early E/FsdJdL o (b + r)/r, is i = r(d l -d t )/<* t . 
where <2, and d, are the bal&s omg distances 
In a thermo-dectnc circuit the electromotive fence in 
the anoint under given conditions of temperature may 
generally be measured by a suitable modification of the 
potentiometer method. As the electromotive farce in the 
enonity usually expressed in naerovoUt, or wnllimitha of a 





1% 411. 

volt is very small, the difference of potential along the 
poteifciometar must be small and so subdivided that a 
difference of one-millionth of a volt may easily he read. 
One method of arranging this is indicated m Pin 411. If 
the wire be divided into 1,000 divisions the 0 f 

wtmbal for each division will be about 1/10* of the 
Si M F o f the battery, and may therefore be email <m«m g b 
to admit of sufunenuy accurate measur ement 
Of flie many other methods for the measurement of the 
M F. of a cell, three only will be briefly dealt with. 
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mmnls 1 , any unknown U M F ’s to tbo terminals 2, 3 , 4, 5, 
and G, and tho double contact Bwitck at the centre enables 
any of theso EM P's to bo put into the galvanometer 
circuit The reader should carofullj examine these connec- 
tions and compare them with those of Fig 408 

Working with one accumulator it n customsrv to standardise 
tho instrument so that the total P D at the ends of the potentio- 
meter coil*! and wire is 1 S volts. To secure this, the rev olnngarm 
at E is placed on stud 14, and tho sliding contact 0 at division 340 
on tho scale , the centre switch ts now set on 1, thus bringing the 
standard cell into the galvanometer circuit, and the resistances in 
senes with the coils and wire are adjusted till tho galvanometer is 
notdeflectcd. Clearly the P D for each coil and for the wire is 
now 1 434/14 31 or 1 volt, nnd the P D for each of tho 1,000 divi- 
sions is •0001 volt. 

Tho £ M F to bo measured is now brought into tho galvano- 
meter circuit bj moving the centre switch to the corresponding 
studs With O on the extreme right, tho revolving arm at E is 
adjusted till two successive contaots give deflections in opposite 
directions , E ts now placed on the stud of loner value and G 
adjusted for no deflection If this condition is realised with tho 
arm E on stud 10 and tho slider O on division 646, the EMF. 
under test is 

1(10 x I) + (C46 x <0001)} volts, 

■ e 1*0640 volts. 


237. Determination of the Capacity of a Con- 
denser. — Before proceeding with tins section the student 
should again read the capacity and specific reductive 
capacity determinations dealt with m Electrostatics (Chap- 
ter Tin ). The capacity of a condenser in electromagnetic) 
units may be measured by the following method — 


Exp. The condenser is charged to a definite difference of 
potential, Y, then discharged through a ballistic galvanometer and 
tho threw of the galvanometer needle noted The same difference 
of potential, Y, or, ss this is generally too great, a known fraction 
of V is then applied so as to give a steady current through the 
galvanometer The steady deflection thus produced is noted and 
compared with the throw due to the discharge The capacity of 
the c ondenywr can then be calculated from tho constants involved 
by tho conditions of the experiment _ 

In practice the condenser may bo connected as shown at (J in 
Fie 414, so that by connecting the points a, 6, it may be charged 
up to tho difference of potential between the points A, B, on the 
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336. SI he Crompton Potentiometer.— This is an ex- 
cellent type of potentiometer for accurate work and a 
sho wn iafflammstseally m Fig 418. It consists of a 
woe divided into fifteen segments of equal resistance 
(a bo ut 2 ohms) , fourteen of these are formed, into cons, 
then ends being connected to the numbered Binds s hown 
at E on the right, the fifteenth bang a stretched wire 
lying over a scale about 25 inches in length divided into 
1,000 equal puts, thus the coils are peimanently pro- 



tected, and should the wire become worn or injured a new 
one may be substituted In Bedes with the potentiometer 
coda and wire is an adjustable resistance; this is shown at 
Q and on the left, and is for the purpose of altering 
the P D. at the ends of the fifteen segments so as to 
secure a balance with the standard oall m circuit, it 
corresponds to Z and the back two wires of Fig. 408 Q 
is the sliding contact, provided with a spring contact and 
micrometer adjustment for refined tests 
The accumulator u connected to the terminals A, the 
galvanometer to terminals S, the standard cell to ter- 



230 


FMTTJIICAI, MrABtJRFWRRT*. 


Tho exact relation between r And V, n^ummg D to bo constant, can 
time bo obtained, And tlic mine of 0 drdneed ns above 


238. Comparison of Capacities, — The capacities of 
two condensers may Iks readily compared by means of a 
balletic galvanometer. 


Exp 1 To eomjyirc tin capnr tit'* by a bathetic galvanometer — 
Clmrro the fin,t cond' nwr bj a bitter} of constant J* M 1 JS, and 
then discharge through tho galvanometer, ltcpoat with the second 
condcn*er Jf ft and ft bo tlio capacities and tf ( and d, the first 
swines corrected for damping, tho quantities discharged oro £ft 

m** ”5 


Tho accuracy of tho result by the above method cn- 
dentlj dopends on the accurncy of observation of the 
deflections— and experiment bIiowb that tlio errors attend- 
nig tins observation may bo considerable It is found 
that much mom accurate results mat in nil cases be 
obtained by null or gcro methods, m which the measure- 
ment depends upon adjusting for no deflection of the 
galvanometer Two of the best known null methods for 
comparing capacities are given lxdow 


E*P 2 To compart Orb capacities by At Wheatstone Bridge 
or DeSavtyi method -In F>g 415 K t is the condenser whtBe 
or st ° capacity ft is required, and 

K 3 a standard condenser of 



capacity C. The resistances 
i? s and Jl t are adjusted until, 
on mating oontaot at a and 
charging the condensers, the 
galvAnometcr is not doBee 
tod When this is so, the 
potentials at B and O are 
equal, and since Bib a com- 
mon point, the P D on the 
condenser K\ is the same ns 
that on tho condonser Kt 
If F bo tlus PD, ft we 
ff*.. And 0. the 


Fig 415 
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external mroult of a oorutant low resistance battery, tmAbycoa- 
a , e, it may be discharged throngh the galvanometer Q. 
If • he the feat angular throw of the needle, corrected for damping, 
we hare 

That li, 

B Ta ^ n _ S Ta 

W l?* 0 FT'S' 


of. 


where Via the difference of poten- 
tial between A and B 

To detemune the value of HfVQ 
here, let the points e, d, he oon- 
neoted ao that a steady current 
paaaea from A to D through the 
galvanomet er, end let I denote tike 
permanent angular dafiaotmn of 
the needle Then the current i fa 
given approximately by 

‘-I » 



Fig 414 


But if 8, the rears tanoe of the galvanometer branch, n very large 
compared with r, the remitenoe between A and D, we have i « rjS, 
where v denotes the initial difference of potential between A and D 
Also, if if, the resistance between D and B, is large compared with 
r, then 

-F, and »= r 7 


V — 


2+7' 


That is, 


TTr 


7 _ 
T 


= £-». or 


2f+FtT 

v 0 ’ “ 

Substituting this value in the result obtained above we get 
/»_ rTo _ rTdt 

° “arlff+'rjS* a ¥ii^ ’ 

when di and d, an linear deflections on the galvanometer soale, d, 
hems corrected for daxonmc 


ms result u auffioientiy accurate when r » am all competed with 
S bxAS, bat for exact calculation we hare 

S *-r 
! + r + 1 

where E is the electromotive force and S the Internal resistance of 
the battery, and 

pg -i. rS 


*ss . 


+ B + B 


when pi 


F+y 
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until the galvanometer abona no deflection When this adjustment 
» mndo wo have 



nlicrc 8 la the esipicit) of tho standard condenser 
1 tg 417 show* diagrammatical!} the connection 1 ! for performing 
the tiirco operations of tho method in rapid sequence. By pressing 



A’, ltcta charging is effected , the K* keys, when oloscd, 
Ju? " minnc, and on pressing K t the condensers G and 8 
i one wmb.n«dcn,cr ora d.sefm^d through the gnlrano 
M one wmo. ^ poh , (g without die crass mrcs 

So and Xr^nhiots shown in tho diagram between the con 
denaera can en& he effected at one operation 
T „ + w fl tests keys, etc. should be well insulated and 
JjtiLs non-inducfave lhe determmtron of cspac# 
by « oscillations ” is referred to in Art 818 
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asi 


Bob Qi has passed throng and Qi through J2, m the same short 
interval of fame, and emce the current divides inversely as the re* 
sutanoe, Q, Q t = 28, Jf, , 

S -4 -* 

The condensers are discharged by moving the key to the oontaot b 


Bag. 3. Zb compare two capacities by At method qf matures 
or Kelvin's method — The pnnmpls of this method ic shown in Big 
416 The oondenaer 0 is charged to the difference of potential 
between A and jB, and the condenser 8 to the diflfarenoe of potential 
between B and 0 By 

adjusting the resistances C 5 

P and Q these two diSe- 
renoea of potential oan 
be made to have the 
inverse ratio of the 
ospooitiea. When tine 
adjustment u made we 
have 

aFa_ 8 

nTo V 

^ aP> a=»7 q 8 , 
that is, As condensers 
possets equal charges, 
and since 


II 

ll 

1" — t — n 

H Q 4 


-)l|l| l |l|l|l|l|H 


Ffg 416 


iTo 


P 


vro evidently have for this adjustment 
8 B P 

3 ? 

or 0 = 5s 


In order to test the equality of the charges the condensers after 
charging must first hare their oppositely ohnrged plates connected, 
eo that the two chargee are “ mixed ” end trad to neutralise. 
Then immediately tine “ mixing " is eff ected the oomhined con- 
densers are discharged through a galvanometer If the ohargea 
before “mixing ” were equal the final charges after mixing will 
be zero, and there will then be no deflection of the galvanometer. 
The operations therefore ooosist of charging, mixing, and dis- 
charging through the galvanometer, and P and Q are adjusted 
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. "Bab ZB _ B 
" fees iO + Kes DB~ P + E’ 

ie Eea ZB= ~-^xr, 

where r = the resistance of the two tables in senea Thus, 
knowing the resistance per mile of the cable, the distance 
JJZ corresponding to the resistance BZ is ascertained. 

Teat for No 2 If the broken end of the cable makes a 
good “ earth ” the free end is joined to terminal D of the 
Post Office Box (Fig 895} end terminal 0 is earthed 
Since 0 and the broken end of the cable are both earthed 
(zero potential) they are, from an eleotncal point of new, 
virtually connected, so that the cable conductor from the 
free end to the break takeB the part of $ in Fig 808 
The resistance is therefore measured and the distance 
ascertained in the usual way. 

Teat for No 3. The insulation resistance R from the free 
end to the break is measured (Art 230) and the distance l 
found from the relation of Art 159 The capacity G 
from the free end to the break is also measured (Art 127, 
Exp 8) and the distance l found from the relation of 
Art 118 (For exact details see Technical JBlectnaty) 

It may be mentioned in passing that since resistance is 
as the ratio of P B to current, several practical 
resistance tests may be pBi formed by the combined use of 
a su itable ammeter and voltmeter The hot resistance of a 
alow lamp, for example, may be determined by inserting 
an ammeter m senes with the lamp and a voltmeter across 
the lamp terminals If I be the ammeter reading, 7 the 
voltmeter reading, and R the resistance of the voltmeter 
under these conditions, the current taken by the voltmeter 
is 7/E, and, therefore, the current m the lamp isI- V/M, 

hence p D at its terminals _ 7 

Bes of lamp Current in it ~ j _ _7 

R 

T?«r a descnption of vanous “ commercial ” testing m- 
should refer to Technical Electricity 
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238a. Petermiaation of Gable Faults.— Thiee cable 
faults will be briefly dealt with, viz (1) a breakdown m 
the insulating covering only, the conductor re m ai nin g 
intact, (2) a complete breakdown in both conductor and 
mmlating coverings (8) a breakdown in the conductor, the 
msnlatmg coveting remaining intaot. 

Teitfor No 1 Let BD (Fig 417a) represent the cable 
joining two distant stations X and Y and in which a 
partial earth exists at Z At 7 the cable is “looped" to 



Fig 417a. 


a second one AO also naming between X and 7, by a con- 
ductor OB of negligible resistance The free ends of the 
cables are connected at the test station to two adjustable 
resistances F and JB j a sensitive galvanometer O joins A 
and B through the key L, whilst the junction J is 
connected through K to the battery, the other pole of 
which is earthed. 

The arrangement is thus equivalent to a Wheatstone 
Bndge, the arms being P — JB — AGBZ and ZB. If P 
and JB be now adjusted, so that on dosing K and then L 
the galvanometer is not deflected, we have — 

P _ Ees 40 + Ees BZ 
R SST^B ’ 

hmM P + B __ Ees AO + Ees BZ + Ebb ZB 
B Ees ZB ’ 



CHAPTER XVH. 


ELECTROMAGNETIC INDUCTION 

239. Fu n da m ental Experiments. laws of Elec- 
tromagnetic Induction. — In 1881 Faraday described 
experiments wlieieby he clearly established the fact that 
whenever the flow of induction or number of tubes 
of magnetic induction through a circuit is changed 
an E.M F. is developed in the circuit, such E M F 
lasting only while the change is taking place, electro- 
motive forces and currents produced in this way are 
spoken of as induced electromotive forces and currents 
respectively 

The magnetic induction or flux through a circuit may 
be changed by various means, eg by moving a magnet 
in the vicinity, by changing the current m a neighbour- 
ing oircuit or by relative motion of the two circuits, by 
changing a current in the ouonit itself, or by suitably 
moving the circuit in a magnetic field 

Exp 1. Motion of a magnet — Connect the coil (Fig 418) to a 
sensitive galvanometer some distance away Inolude a Leolanohi 
cell and a reautonoe in the circuit and note the direction in whioh 
the galvanometer is deflected , let it be (say) to the right While this 
current is flowing, test the polarity of the faoe of the coil towards 
the left, let it t» (say) a north fact. Henoe we know that aith 
the present oonneotions a deflection to the nght indicates that the 
current in the oral is making the face towards the left a north, and 
is, therefore, counter olookwiBe viewed from this side Evidently 
a to the Itfl mil indicate thot the faoe on the left is a 

south face and the current olookwise Remove the cell and tbs 
resistance , 


S3i 
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Exercises XV X. 


(1) Deaonbe sane method of determining aoourstely the spedfio 
terieteooe of an electrolyte (B E. Hons ) 

(8) Explain and prove Manoe’s method for the determination of 
fhemtenal resistance of a galvamo battery, and find an expres- 
sion for the value of the oorrent through the galvanometer 

(Inter BSo Hone) 

(3) Desonbe oarefullv how you would use a potentiometer for 

measuring onrrents How would you adapt it for nee with large 
and small eurrents respectively l (BSo) 

(4) Desonbe the best method you know for dete rmining the 

internal resutanae of a battery (B So.) 

(5) A Wheatstone Bridge la employed for the measurement of 
the resistance of a wire Discuss the best arrangement of the oon- 
d aotors in order to seonre the greatest eenailnhty, and show how to 
determine the ourrent in the galvanometer m terms of the several 
resistances when the bridge is not balanced 

8tate KirohhotTs laws for a eystem of linear oondnotors (DSo.) 
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the same direction as those being removed, tending, 
therefore, to oppose and cancel the decrease due to the 
withdrawal of the magnet 

Again, by moving the magnet (1) quickly, (2) slowly, 
it will be found that the defection is more pronounced m 
the first case, we may, therefore, infer that the induced 
E.3X.F. and current depend upon the rate of change 
of the flux, being greater the more rapid the change ; 
the induced current also depends, of course, upon the 
resistance (see helow) 


_ 2 Action of a neighbouring circuit ( mutual induction) — 
In Pig 419 AB diagrammataoally represents a coil of wire joined to 
a galvanometer , it u referred to as the secondary circuit CD 
represente a cod in senes with a battery and key , it is referred to 
as the primary arciat 

Now start a current in the primary in the direction CtoD end a 
momentary deflection of the galvanometer 
will ensue, showing that a current is induced 
in the eeoondary m the direction B to A, t,e. 
opposite or inverse to the pnmniy current, 
it should be noted that starting a current m 
the primary means increasing the flux m 
the eeoondary, for the flux in the pnmary 
naturally reaches over to the secondary oirouit 
Switch off the pnmary ourrent, and a mo 
mentary deflection of the galvanometer will 
follow, indicating a secondary current in the 
direction A to B, 1 1 in the same direotion 
as, or direct to, the pnmary current, and it 
should be noted that stopping the pnmary 
current means decreasing the flux m the secondary 
Similarly, increasing the pnmary ourrent or moving it nearer to 
the secondary circuit results m an inverse ourrent , decreasing the 
pnmary ourrent or mmng it away from the secondary oiromt 
results in a direct ourrent 

Erom the preceding we arrive at another important law, 
viz An increase in the flux results in an induoed in- 
verse current, whilst a decrease in the flux results 
in an induced direct current (Increase — Inverse De- 
' crease - Direct) This is quite in agreement with Lena s 
taw, e g if the primary current flows from 0 to B and 
the primary is moved nearer the secondary, the induced 
secondary current flows fiom B to A , these two parallel 
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Qrnokly smrt tbs north pole of ft magnet (Fig 418) ; the gat- 
Tanometer will be deBeotod, Showing tint a onrrenb u induced m 
theooil note the direction of defleotnm, 
which m tine case mil be to the tight. 

Hold the magnet m the eml and the 
galvanometer will aome to rest, Among 
mat (he winced current m momentary, 
hutmg only vMe the magnet m moving 
Qmokly withdraw the north pole, and a 
momentary deflection to the left will be 
produced Similarly, insert the south 
pole, and the momentary defleotnm will moieufnf 

beta tin left, withdraw it, and the 

Vig 418 



• 

Motion of Magnet 

Direction of 
Deflection 

Induced Current 
makes near Face a 

N pole inserted 

Bight 

North 

N pda withdrawn 

Left 

South 

8 pole inserted 

Left 

South 

8 pole withdrawn 

Right 

North 


From the preceding we leant that whan the north pole 
ib inserted the induced current has snob, a direction Sat 
the face of the coil approached u a north face, which, 
therefor?, tends to oppose the motion of ike magnet When 
the north pokia withdrawn the induced current has sm* 
a direction that this face is a south face, which, therefore, 
tends to draw the magnet bach again, and so on TTenw* 
we have the important law known as Sena's Saw, viz 
The direction of the induced current (and S BUEV) is 
such, that it tends to oppose the motion or change 
which producer It. Further, it will he seen from Fig 
418 that when the north pole approaches the coil the 
number of tubes through the latter is being inmwmad^ 
and that the induced current has such a direction that it 
gives use to tubes through the coil in the opposite 
directum to those due to the magnet, tending, therefore, 
to oppose and cancel the increase due to the magnet 
When the pole is withdrawn it will be found that the 
tubes through the coil due to the induced current are in 
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also quite in accord 'Kith Lena's Law These effects are 
known as “ self-induction.” 

From the preceding it will be clear that self-induction 
behaves in a circuit like inertia, eg when we tty to pro- 
duce a current in a circuit this self-induction or inertia 


tends to choke the current back, and when we try to stop 
the current this self-induction tries to make it keep on 
Further experiments indicate that the inductive effects 
in Exps. 2 ana 3 are increased if the coils be wound upon 
an iron core, the effects being in fact proportional to the 
permeability , tins indicates that it is the change in the 
magnetic induction, not the change in the magnetic force, 
which is the quantity involved in the experiments , of 
course in air (strictly in vacuo) B and S are numerically 


equal. 

Tn Exp 1 it is indicated that the induced EJiLF 
depends upon the “rate of change "—strictly, vjmn the 
rate of change of magnetic induction ; this may be shown 
more exactly as follows LetPQ 

_ 3 s * 


J-r- FIELD 
°i D OWNWARDS 


■V. 


Fur 431 


ble of sliding along the parallel 
copper rails SP and BQ, and let 
2? be a battery joined to S and 
B Let the arrangement be w air, 
and let IT denote the intensify of 
the vertical field, supposed uni- 

A _ aP InATn. 


xnil tend xo mo'B ^ 4M ‘ vwi1 — y 

throuch a small distance dx m tune dt seconds 
qW since E is the number of unit tubes per squaw 

>" 

the circuit the work done is ItdxE (An. u i), 
t e work done — EdaE^IdF, 

T here dF denotes the change m the number of unit 

40 «™ - *»■* «*“ 
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ourreate, being m opposite cbreetdona, repel each other, 
io that the tendency is to dme the primely back again 
Further, by considering the flnx as before, it mil be dear 
that the flux due to the induced current is always such 
as to oppose the change in the flux due to the primary 
It should also be noted that not only does the primary 
act upon the secondary, but that the eeeondaiy reads upon 
the primary, hence these effects are known as mutual 



Exp 3 Current chtmgu m tie araut itetff (M^-mduolton) — 
In Pig 420 PQ is a solenoid, B a battery, (? a gah ammeter, and if 
a key arranged os indicated. OIom K. and whim the deflection is 
steady dace a atop against the needle 
at s' Open K On agent closing K 
the needle will be momantanlydeAeoted 
beyond ite fixed pontoon Xbe indi- 
cate* that at the moment of starting 
the currant in the mramt the galvano- 
meter 01111 out 11 greater than the nor- 
mal, doe to the fact that than is a 
momentary induced g r anni e In the 
solenoid m the direction Q to P,ie op- 
posite to the current, winch retards the 
growth of the onrretst there, and there- 
fore increases the portion through 0 
Open K and plane a atop against the 
needle in its normal pcaitooa, it at a 
Close K On opening Z the needle 
will he momentarily defieoted m the opposite direotoon This in- 
dicate* that when the onrrent is stopped there is a momentary 
induced entrant m the solenoid m the same direotoon as the onmnal 
entrant^ i *. feom P to Q, whwh, therefore, puns tbnagh 0 in the 
.opposite direction, Ftol Tha mdneed onrrent, at break, in the 
tame direotoon u the original one, u called the " extra eitrraU ” 

Thus from the above and mo dified experiment* we learn 
that whan a current is started in a cfiouit, or when an 
existing enrrentis increased (flux inereamg), an opposing 
orrnwm SMF u induced which retards the growthd 
the current, when a onrrent in a circuit is stopped or 
reduced (flux decreasing) a itreti current is induced, ,. e 
one in the same i direction as the ongrnal It is this latter 
?wifS rr ^: t ^oh frequently gives nse to a " spark 
at break It niU be further noted that these resultsare 
h aims 40 
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Eurtber, if there are n tarns m a coil each acquires the 
above E AI P , and since the several turns are in senes 
the total EMF is » (Change in flui)/!Tune in seconds 
The product of the flux through a coil and the number of 
turns is called thB effective flux or the linkages , hence 

Induced EMF = ° hM BB. — aBBOhw flnx 
Tune in seconds 

_ Change in link age?. 

Tune in seconds 

Example A coil of toire ts connected to a galvanometer, the rent 
tance of the coil and galvanometer being 200 and 400 ohms respectively 
The coil is moved m the fcld, and at a given instant there an 20,000 
vnit lubes through if, whilst f gfa second later the number ts 2,000 If 
there are 100 turns in the coil find the average EMF and current 
during this period 

Effective flux or linkages at the beginning of the tame in question 
ss 100 x 20000 = 2,000,000, and at the end of the time = 100 
X 2000 = 200,000 , hence change in effective flnx = 1,800,000, and 

Average induced EMF.* * 024 rolt, 

Ml 

and Induced current = = -00004 ampere 


240. Quantity of Electricity set in motion by In- 
ductive Action.— Let the do w of induction through a 
circuit be denoted by F If at any instant we have an 
infinitely email change dF in this flow in the infinitely 
small time di, then, neglecting sign, e = dFjdl 
If jB denote the resistance of the circuit, the current 
during the time dt will be given by 

r _e_i dF 
B B HP 


and the quantity of electricity set in motion during this 
tune will be 


It follows that, for any finite 
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battery. The total energy supplied by the battery m 
tune at is SIdt end the energy spent m heat u PJMI-, 

lignpn Slit — PBdt + IdF, 

IMt — Bdt — dF, 


»a 


T S — dFjdt 

I 




and the E MP. of the circuit is therefore opposed by an 
BMP. equal to dFjdt, te d e denote this induced 
EMF— 

dF 
dt * 

thus the induced EJUJP. is equal to the rate of 
change of the number of unit tubes threading the 
circuit. 

Aa previously indicated, "rate cl damn of the number of unit 
tubes of mdaotion " is really implied, » e. B should replace R m the 
preceding, and dF should denote the change is the number of unit 
tubes of induction ; the experiment, however, uwiotr. 

Again, since dF — ISdx, dFjdt =* Iff dxjdi, and dxjdi is the 
velocity v of PQ, hence 

e - - = - IBv 

An examination of Fig 421 mil show that in such a 
case as the one considered the direction of the induced 
EMF. mthefaarFQ(ou Q to F) is readily given by the 
following rule known as Fleming’s Eight Hand Hule- — 
Hold ike thumb and the first tun finger* cf the right hand 
mutually at right angle* Place the forefinger in the 
direction of fte hues cf fane and turn the hand to that 
the thumb points in the direction cf motion The second 
finger mu point in the direction cf the induced SUP. 
{and induced current) ^ 

For calcul a ti o n purposes it is well to remember tfelT 
since e = — dFjdt we may, neglecting sign, write — 

Induced E MF. = ijjggfi? B. &v f- (em mute) 

Timo in aawnMfl ' * 


Time in seconds 
Change in flux 
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position) along the upper half of the coil The direction of 
the induced current is readily determined by the appli- 
cation of the rules of Art 239 J 

During the nest 90° of rotation the effective flux mil 
evidently increase from zero to BAM, and the direction of 
the induced current mil be from east to west (for the 
final position) along the upper half of the coil— that is, 
the current will ettU be tn the same direction in the coil, 
for although its direction tn space is reversed, the position 
of the coil is similarly reversed by revolution, so that the 
direction of the current in the coil is the same during the 
first 180° of revolution, starting from the position m which 
the flux through the coil is a maximum 
During the next 180° of revolution the same changes m 
the flux will take place as described above, and a cunent 
will be induced in the coil in the opposite direction to that 
induced during the first half- 
revolution, owing to the lateral 
reversal of the coil by that half- 
revolution. Hence during each 
complete revolution the dvrectum 
of the induced current changes as 
the coil passes through the position 
at right angles to the direction of 
the field 

Now let Fig 422 represent a 
plan of the preceding, AB being 
Fig 432 the original position of the coil, 

me at right angles to the field 
The effective flux through the coil m the position AB is 
RAW and Hie effective flux F through the coil when it has 
rotated through an angle a into the position OD is given by 

F = BAM cos a. 

For the induced E M F. at this instant we have 

« = — BAM sin a 
at . dt 

and since da/dt is the angular velooity o> — 

e = SAMu sin a , > (1) 
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and tho maxi in u m t.iluos of tho induced E M F , the average 
S.M.F. ma} bo simply found as follows — Imagine the coil 
to rotate through 90° fiom tho position AB to the position 
EF The flux through the coil changes from SAE to 
zeio, hence tho change in the flux m a quarter turn is 
SAE The quantity of electricity set m motion is there* 
fore SAE/R , hence m one complete ret olution the quantity 
circulated mil be 4SAE/R, ana if the coil makes n revolu- 
tions per second tho quantity per second will be AnSAE/R 
Since, however, quantity is equal to average current multi- 
plied by time in seconds, no arrive at the result 

Average current = ^A.— 

and Average XS.3E F. = AnSAH (5) 

From (4) and (5) it follows that theaierage E M F and 
current aro 2/jt, te 687 of the manmum E.MF. and 
current 


Exp, To determine the angle of dip by induced currents— Sot an 
a coil as aboii o, with its piano at right angles to the mondiaD, and 
put in aorica with it a ballistic galvanometer Qrnohly rot 1 ™ tjjjj 
coil through 1 BO* about a vortical axis, and note the thmvr t, of the 
EttUonometcr If E bo tho honrontal componont, the change in 
lie cffcotno flax is VS AH nnd tho quantity inducodis2S4fi/2t, 

hCn °° 2SAH xff 

Now orrango tho coil m o horimntol ,®! e - a ? s t ^ 

mtntion in tho meridian, again tarn through 18(r and let 9 t be the 
S^Ahogahanomctor. if Fbe tho vertirol component^ it » 
dear that the quantity induced in tbia coso u 2SA TjB , benoe 

Jt 

• ton D = jj H 

5SST « —a 
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A gain, tS. T be the tune of one involution, u = 2vjT, and 
iff be the tune taken to rotate through the angle a, T{t 
= 2s- fa, i e. a = 2etjT\ hence 


e = 


%rSAR 


sin a = 


Si tSAS 


»n 


(**) m 


T ~ T 

Further, if the coil maksa n revolutions per second, T 
= 1/nsnd 

e == ZrmSJJI sin a (8) 

These expressions give the instantaneous value of the 
induced E.1LF. Clearly the B M F mil have its mam- 
mum value when am a = 1, ie when a = r/2 or 8v/2, end 
the coil therefore in the position SF; the E M F will have 
its minimum value (mss sere) when sin a = 0, t s whena = 0 
ar ir ar 2r, and the coil t he refore m the position AB. 
Again, since 2*4/2' = a, the ran.Tiwmm value is reached 
when 2rtlT is equal to t/ 2 or Sr/2, t s when t — \T or 
|T, similarly the tniwimimi value is reached when t — 0 
or jT or T. Further we have 

Uoxinium B.SUV = 8 AH* = 

T 

=s2*n8AJBT ... ... ( 4 ) 

The lPR t ftTrt aneons B M F is, from the above, proportional 
to the sine of the angle described from the «t ar*™g 
position and the variation of this 
BUF during one complete re- 
volution is represented by the 
sine curve of ru? 423. ordinates 

x1__ 1 T • .. 


the induced E AC F. in madaeS- 
taon, those below, the induced 
E.hl F> m the opposite direction. 
The induced current is obtained 




Fig 488 


from the preceding expressions by dividing by B the re* 
aistanc e of the circuit, if the coil has no self-induction the 
mnent (dotted curve) will vary m the same way as the 

In the preceding we have dealt with the instantaneous 
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nt righli angloa to tho field Quiokly withdraw it from the field 
and lot Go fcho threw of tho gahanomotor Tho offeofciro flax is 
taF | and, as this is reduced to zero when the coil is withdrawn, the 
induced quantity is taF/B , lienee taF/B « dU. Thus we hare 


SSAHImF d, 


or 


2SAH <L 
tab' ~d,‘ 

ea d] 


As S ib known, F u therefore determined the earth 
inductor used in this expenment may be looked upon as 
a standard earth inductor, serving to standardise the 
observations taken with the small inductor acting as a 
test coil in the unknown field 

Another inductor, known as the standard Bolenoidal 
inductor, makes use of the uniform field in the interior 
of a long solenoid as a standard If I denote the current 
in absolute units, the field in the interior of tho coil is 
given by 4imT, where n is the number of turns per unit 
length of the coil The inductor for use with this field 
usually consists of a few turns of thin and well insulated 
wire wound round the outside of the solenoid near its 
middle point, Tho induction throw is obtained by re- 
versing tho current in the solenoid If o' denote toe 
number of turns and area of the inductor respectively, 
and I tha current in absolute units, then, on reversing 
the cunent, the change in the flow of induction through 
the inductor coil is 8 (4ir»I)»'a', ie and the 

q uantit y of electricity set in motion is Stmln a/E, where 
E is the resistance of the circuit in which the inductor 
is placed If I is measured accurately by means of an 
ammeter m the solenoid circuit, this inductor may be used 
for standardising the observations of & test inductor 
placed in the Borne circuit with it 

Exp 3b dtiemm the stength 

W - steady raven* 
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the cpuuhiy of electricity Bet in motionm a suitable test coil 
or inductor, by suddesly removing it from the field or bj 
rotating it through 18(5” m the field, as described in the 
case of the earth inductor The test coil u connected in 
cnemt with a ballistic galvanometer, and by noting the 
throw of the galvanometer needle under definitely arranged 
conditions both comparative and absolute measurements 
of induction may be made The comparison of V and E 
for the determination of the dip, aa given in Art 841, is 
a simple example of this method of comparison 
It however, we wish to compare two magnetic fields of 
very different intensities a different method has to he 
adopted. In comparing, for example, the horizontal com- 
ponent of the earth's field with the field between the poles 
of a strong electromagnet it is necessary to use a different 
inductor lor each field, and the comparison therefore in- 
volves the constants of the inductors. The effective area 
of the inductor for the strong field may he but the 
effective area of the earth inductor must be large on account 
of the low intensity of the field- The general method is 
indicated in the experiments below 

It should he again noted, homier, that these induction experi- 
ments relate to the iwfa rti e s m the field, sod not to the megnetie 
force directly. II, however, the ob se rvations are mads m the same 
m ediu m , and if the permeability of the medium doe* not vary with 
um intensity of the megnetie field, then the induction at any point 
it directly proportional to the magnetic field et that pomt, ana tin 
ratio of any two mdnctian values therefore determines the ratio of 
«• corresponding field intensities That is, if BrfBi « k, then, 
■mca By = pfl, and B t ■ «A*r» p it a emstanf, we have 

pHypEe a *« ■ 1 The value of p for air is t*irsn aa 
maty and apraotuaDy constant. 

Ssp To determine (ht tirmgth of ihtfidd between. the poitt of an 
tudromagnet, usmg a standard earth redactor. — Place a small tart 
cod (co n si sting id t toms each of ana a) in aeries with a balhafeo 
galvanometer and an earth inductor (consisting of S turns each of 
ana. .d) Set the earth mdnotor at right angles to the meridian, 
quickly rotate it through 180 ° about a lerbcal axis, and letd.be 
w throw of the galvanometer As before, we have ZSAfflB oetf., 
where a n the resistance of the circuit and H the h o ri zon tal com- 
ponent of the earth's field 

Place the tart cml m the field (fi) to be measured, with its plana 
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ZSxp To determine tie constant of a ballistic galvanometer, 
using the standard solenoidal inductor — Tbo arrangement is in- 
dicated in Fig 420, v hero BO is the ballistic gal\ ammeter under 
test Switoli on the current, and 
uhon BO is quite steady reverse the 
ourrent by means of the Ley K let 
a be the first angular suing Assum- 
ing a galvanometer of the moving 
needle tjpe, if Q be the quantity dis- 
charged— 



where l is the constant required. 
Fig. 420 But (Art 242) 

n _ 8mln'a‘ 

Q -g—* 



,iem|{l + 2) = ?^ f 
t Senln'ct 

i e K = j —p 

Sb,|(i + |) 

or, taking am ~ = where d ~ scale deflection and D — dis 
tancc betwern needle and scale, and neglecting damping 
* S2mIn'a'D 

kTZ — M — 


Xf an earth inductor be used as the standard we get 
_ 2SAH a n «_i 5 

Q = ^V Wd Q =7G* m 2“*©’ 

,d _ 2SAS 


te. 


"W 

l- 


B 
8 BAD, 

~W 


' Another method of finding the oonstont of a baUistw 
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ths current by means of the key if and note the throw of the bal- 
luho galvanometer If this he c?n then 


SmTnV. 


TEST 

'■■""NPOV 



piece the test owl in the field ea 
m the previous experiment, withdraw 
it, na let dy be the galvanometer 
throw ; then 

ea? a 

TT** 

Thai we have 

«r/MhW £ 

TFi 

$ 

n a, 

An excellent standard tor 1ft* 
boratory purpose* is theft known 
as Hlbbortfs Magnetic Stax Pig 424 

Standard. It consist* (Fig 425) 
of a block of bard steel provided, with a cylindrical groove, 
and magnetised as indicated. A bran cylinder 3 comes 
a ooil 0, it can be lowered into the groove, 
the coil thereby cutting the tabes due to the 
magnet, in consequence of which an induced 
charge drools tes m the coil The flux is 
detenu mad at the outset bv comparison with 
(say) a solenoidal standard 

Pro fess o r Rowland’! method of finding the diatn- 
■tv,_ .n K btfeon of magnefaam alanga bar magnet may now 

B be briefly mentaoned (see Bxp 7, p 111) A ooil 

embmoeithe nmrt end is connected to & bellutio 
galvanometer ; it u moved rapidly from point to point along (he 
magnet and the first swinge are noted. A curve with distances 
along the magnet as abeoaaae and first swings as ordmates is the 
distribution carve far the magnet 



843. Determination of the Constant of a Ballistic 
Galvanometer. — A standard inductor may be used for 
determining the constant of a ballistic galvanometer. 
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yS 84S. Coefficient of Self-indnctdon. — VV hen. a current 
v flown through a coil it produces a flow of magnetic induc- 
tion through the coil This flow of induction is propor- 
tional to the current when the pen neabihtr.of toe sur- 
rounding medium. iB r consEaH.'nSTlHis' case if F denotes 
the How of induction through the coil and I the current 
in the coil, then 

F = LI (1) 


where L is a constant Thm constant is the coefficient 
of self-induction of the cod If J be unity. Fa numencallj 
equal to L, thus the coefficient of self-induction of 
a circuit is numerically- equal to the flow of in- 
duction through the circuit when unit current 
passes. Clearly a circuit lias a coefficient of sdf-mduc- 
tion of one 0 Q-S unit tf the flow of induction be unity 
when the wut electromagnetic current passes The practical 
unit is the henry, which is equal to 10* CG.S units, 
thus a circuit has a coefficient of self-induction of one henry 
if the flow of induction be 10* when the unit electromag- 
netic current passes, and therefore 1/10 of 10*, i e 10 5 , when 
a current of one ampere passes 
If the permeability of the surrounding medium vanes 
with the intensity of magnetisation, then L is not a con- 
stant, hut -vanes with the permeability of the medium 
and therefore vanes with I 

When F vanes on account of the Tanation of J, then 
we evidently have the relation 

L-^.that is.e= -iil (2) 

at dt dt 


This r elatio n shows that the induced electromotive force 
is proportional to the rata of change of current in the 
cou The minus sign indicates that when dljdt is positive 
the induced electromotive force, e, opposes the existing 
current From (2), if dljdt be unity, e numencally equals 
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and then discharging through the galvanometer The 
quantity (0 = Olathe deflection (d), and the distance 
(if) being known — 

hence l is determined In this care must be taken with 
the unite employed. 

*44 Miscellaneous flhatntwM —Amongst other impor- 
tant illustrations of mdaotive effects the following may he briefly 
mentioned. — 

(1) Faraday’i Due and Bortov / 1 TFAed —A circular duo of oopper 
is fixed bo u to rotate round a central axu at right angles to ita 
plane If its plane he at right angle* to the lines of force in a 
magneto field, and a metal spring be made to press lightly on its 
gdge, a oofitmnons current will he found to flow between the 
■pnng and the centre of the wheel on making oanneotion be t ween 
™* Bprmgand the metal axis of the wheel The actual direction of 
uie I U.J, depends an the dueataan of rotation and of the field, 
and ib determined by the right hand role (Art 238) 

Consider an infinitely thin radial strip of the diso passing horn 
the centre to the spring As tins strip rotates through a mall 
angle 8 the area swept cut u -Jflr*, where r is the radius of the dim 
and Sum mronlar measure, the number of tabes eat u, therefore, 
£0r* B\ where ff u the intensity of Cm field* If the due ™»1 hmi n 
revolutions par seound, the time taken to tarn through 9 u 90 an 
“a the rate of change or rate of onttmg tnbea u 
(&0j*3 )ft9j2r*) « mr» H , thu measure* the P D between the 
eentre and eunmmferemoe 

(2) AngSt Ecperrmtrl — A duo of copper ie made to rotate in a 
nornontal plane im medi ately below a dehoately balanced magneto 
needl e, tip axis of rotation of the duo being vertaoellj below the 
pivot of the needle A* the duo rotate* it u found that the needle 
u gradually defieoted In the same direction as the rotation, and, if 

“rotation u euffidentlyjiigh.flnalhr takes up a motion of 
rotatom m the Mammae as the diso, but at a slower rats Thu 
taut u explained by the foot that currents are indnoed in the 
coppe r dun br its rotation relative to the magnet, and the reaction 
Betw een the duo and the needle u (m soowdsaeo with Lens's Law) 
■mm as to tend to step the motion of the due, but the needle being 
movable and not fixed the result of thu reaction n that the needle 
a Weff set m motion The direction of the indnoed ourrentm the 
owu snob that a onrrent always flows along the d»wi*t n» of the 
oho vertically^ below the needle in such a direction es to defiect 
the needle in the asms direction as the rotation of the duo 
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and if I bo unity — 

Ifagnotio flux = jr? , 4- 

Biit each turn of (ho solenoid embraces theso tubes, 
honeo ' 

Effective flux or Linkages = — 

. r _ 4-&A 

• • •— ■’ •■■■■■■ « 

V 

If a wlfinoid his 200 turni, is 20 on long, And hiH n cross boo 
tionnl Aren of 4 «q om — 

i - ilSpL' 00 S unite = hem} 

=0 10* X 20 J 

= ■0001 henry 

If instead of an air core wo hat a one of ponneabihty ft 
tbon 


1 — 


< 

.•■l- — > 


247. Cooffleient of Solf-lndneHoa for "Lend" and 
" Return” in tlie case of (1) 

.<w| Parallel Wtros, (2) Coaxial Cylin- 

\ ,,, ,.. j dors— In Fie 427 A and B aro two 

I very long parallel w ires, in air, carrj mg 

7 equal currents I in opposite durations, 

.v constituting, in foot* a "lead” and 
"return", lot r denote the radii of 
tho wires and d the distance apart 
(oontro to centre) Considering a 
length /, the flut through the dotted 
area is JJldx and tt is equal to 2 1/x + 21/{d~x) (Art. 165) , thus, 
if l bo unity— 


Fig 427 






) 4 flog, 


d--? - 4 log, Si-— (por unit length) 


r r 

If the wires aro m contact (d— ») = », oud L is therefore sero 
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L , lienee the coefficient of self-induction of a circuit 
is numerically equal to the E.M.F. round the cir- 
cuit due to unit rate of change of the current in it. 
Clearly also a circuit ha* a of self-induction eg 

one 008 unit when a current increasing at fhe rate if 
one em unit per second brings on an opposing BMW if 
one e m unit, and similarly a circuit has a coefficient 
of self-induction cf one henry when a current increasing at 
ills rate cf one ampere per second brings on an opposing 
JBMF of one voU 

lb will he seen later (Art 264) that the work dons in 
establishing a current I in a circuit of self-induction L 
is given by the expression 

Work(F) = iJDP. (2) 

and tins supplies another definition of L, for if I be unity 
L is numerically equal to 2W, thus the coefficient of 
aelf-indufltfam of a circuit is numerically equal to 
twice the work dona in estahliaihiag the 
induction accompanying unit current in the circuit. 
The corresponding flwBmtamia of the 0 Q- S nmfc and the 
henry may be readily derived 

The three definitions of L given above land to nunBfamt. 
and equal results provided the permeability of the medium 
is constant, if the permeability is not constant the three 
values are not identical 


a 

The coefficient of self-indootton of a orauit h frequently defined 
s smta sundby (he Imhapts of the circuit when abtalvte mil current u 
flowmg through H This is manly soother method of stating the 
first definition given above 


046. Coefficient of Self-induction of a Solenoid.— 
la the case of a solenoid having an air core we have 

Field inside = ^SL, 


whMe 8 is the total number of turns, l the length, and 
I the current in e m units If A be the area of cross- 
section— 

Magnetic flux = 
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of mutual induction is if, and if fbe the flow of induction 
through one for current I in the other — 

F-m . . (I) 

. trdl 

" ~dt ~ M 1P 

te . . (2) 

0 being the induced E M F , the coefficient of mutual in- 


Thus from (1) the coefficient of mutual induction 
of two circuits is numerically equal to the flow of 
induction through one when unit current passes in 
the other; clearly the coefficient of mutual induction of 
two circuits is one C 08 unit if the flow of induction 
through one te unity vflun the unit electromagnetic current 
passes in the other, clearly also the coefficient of mutual 
induction w one henry if the flow of induction through one 
ts 10 s when one ampere passes tn the other 

A gain, from (2) the coefficient of mutual induction 
of two circuits is numerically equal to the B M.F. 
round one circuit due to unit rate of change of the 
current in the other; dearly tiwtU he one 008 unit 
when a current inci easing in one at the rate of one em 
■amt per second results m an induced EitF of one em 
umt tn the other , it vnU he one henry token a current in- 
creasing in one at the rate of one ampere per second results 
inanmduced E.MF of one volt tn the other 
iHotiher, since the mutual potential energy of two circuits 
nfflr.xe M, if I and I 7 are unity we may say that the 
coefficient of mutual induction of two circuits is 
nTtTnwiraUy equal to the mutual potential energy of 
Hie two circuits when unit current flows in each. 




a49 coefficient of Mutual Induction of two Sole- 
— We shall only deal with the case of two soJenw* 
aaaioated that there is no nwgnetao leakage, w sfl tb 
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The case of two oonoentno cylinders (represented m 
nceatno cable) is shown m Fig 428 At external po 


oonoentno cable) is shown m Jhg 428 At external points the 
due to tiie two oarrjme equal ourrenta in oppo- 
site directions ere equal and opposite, and the 
field inside {» e. between tiient) a that due to the 
current / in the inner cylinder only The field 
at a pant distent r from the *"ai of the inner 


UJJ 


Fig 428 




the oylmden is maty, is given by 

Flux a: as SiT QogirJ* 

» Sfloge A (per unit length) 

ft 

Hence, if I be umty>- 

£=*2 logei (per umtlsngth), 
ft 

the medium between the cylinders bong air 


848. Coefficient of HEutnal Induction. — If we have 
two separate tmnih the variation of a current m one 
will set up aa induced electromotive force in the «»«»• 
Or, we may say that when a current exists in one there 
jb a flow of induction through the other, and any variation 
of this Sow of induction gives on induced electromotive 
force in that circuit. Let the two circuits be dwnnfaJ by 
A and B and let I and T he the currents in these mrowifai 
Let the flow of induction through A due to the current T 
nt I? be denoted by JUT, where AT is a constant involving 
the permeability of the medium. Then, as in Art 86, 
for two mignetio shells the mutual energy of the two 
circuits is MET Similarly, if the flow of induction through 
B due to the current 2 tn d is denoted by If I, the 
©aargy of the circuits is given by WIT Hence we have 
« 2f = 2f That is, the flow of indnction 
through a to mut current in B is the same as the flow 
of induction through B for unit current m A This con- 
stont II is the coefficient cf mutual induction for the two 
circuits 

If. then, we have two circuits for which the 

SI AND E, 
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Integrating thu from the lower hmite, where t and I s 0, 

,rege ‘ l0 *- 2 ti i =-!'. 


I denoting tie current at the end of the time t fiom the 
Btartmg of the current 

This gives 



Thatis, I, = - - e * ^ 

where I t denotes the current at the end of tie time t from 
the instant of closing the circuit 
In this relation JSJB denotes the final value of the 
current. If we denote this by I we have 

or £ = 1 -e * 

From this it u evident that, when t is equal to L/JR, 2L/R, SLjR, 
eto , the ratio of the actual oarront to the maximum rains attain 
able ia raven by 1 - ye, 1 - 1/e 5 , 1 - l/e 5 , eto That u, at tho 
ends of the time LjR, 2L/R, SLjR, ate , (he current value is 6321, 
8647, 0502, eto , of the final attainable valne The quantity LjR 
is called tho hmt constant of the eiromt 
It u evident from the aboie that the current will require an 
infinite time to attain its foil valno, bnt that, ae L/R « usually 
very small, it rapidly attorns a valuo very nearly equal to its final 
value. This is shown is Fig 420, which gives too oune of rise of 
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tubes pass throush both circuits , the solenoids! inductor 
of Pig. 424 mil furnish such an example 
Let S„ A, Z, and! denote the total number of turns, 
the cross- ssobonal area, the length, and the current in the 
case of the primary solenoid , then 

Magnetic flux = 
and » f I be unity 

Magnetic flux = 

Further, if there are 8 t turns m the secondary, 
Effective flux or Linkages = ^ ar ^\4. x 8 V 

>s jr=^M4. 

IE instead of an air core we hare one oE permeability p, 
then 

lf=| t 4grS ^4 . 


250. Growth of the (ftirrant in a Circuit containing 
Beaiataaoe (B) and Inductance (£).— Let S denote 
the EhLF of the cell m the circuit Then, during the 
variable state when the current is rising to its full value 
■we have 

or, dividing by B and transposing, we get 


that is, 

But 

Hence we bare 


JS T _ L dl 
~S R'dt’ 
dl _E J1 

'(EJS—f) ~L di ' 

d {E(B — I) —— dl 
d (BIB — D _ B,. 

-im-r) — i* 






ELEOTBOMJLQKEnO IRDVOTIOK. 257 


a current in a circuit, where fi = 2 ohm and L = A henry, end 
for which, therefore, the tune constant LjS « 


A X 10* 1 

iff ro 


In thu ammit the aarrent rue* to 6321 of it* fall value m *01 eec , 
to 8847 of ltn full value w 02 ieo , to 9602 of ite fell value in *08 
eeo .end n on, evidently attaining practically its foil uilua m a 
small fraatian of a second 

It will readihr be understood that when L u neat and £ 
relatively small the tune oonstant of the c u tw ut will be large, and 
the current may take a considerable tune to eetabhsh its& On 



the other hand, when h is small compared with X the enrwmf. 

fcaUwrauit. where Iron cores exut WUe«£ 
tf these ennui ta are required to respond madd y 
&? k of ft “^“evident th*U mating 
kee^ fe a ratio l'/fl small, £ must be as large ae possible con- 
swtonwy with obtaining a sufficiently strong working current. 

_ 9 J*L° WW 3 r Ji f 0uprent * Circuit oontaiuinjr 
Brawtuwe (B) Bad Inductance (ZO^When theca- 
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I, m Art 250, and (2) with that fori, in Art 251 OS is 
the time constant , it is the time the P D on the con- 
denser takes to reach (1 — 1/e), t e 6321 of its final 
value, and the time the current takes to fell to 1/e, » e 
3679 of its initial value 

The case of the condenser discharging has already been 
dealt with m Art 230 , using the notation of the present 
section it is there shown that 

t 

E,-Ee “ (8) 



T —K _ ® 
R~S 



i e I,=Ie (4) 

These expressions should be compared with that for 
I, in Art 251 It should l» noted mat loth m the charge 
and discharge the cut rent starts with its maximum value 
and decays exponentially , it should also he noted that the 
circuit does not contain inductance (L) 


8 UMMARY 


Cirouit with resratanoe (R) Qrowt wth reeistenee (R) 
and Indnotance (L) end Capacity (C) 




v T ^ * *^ 3 

Decay /, =* 1 e 1 
Time Constant = ^ 


Charge E t 




_ it 
I t = lt CR 


Discharge E, = Et~ c* 

I,-Ie~ 
Time Constant « OR 


i ■ — — 

252a . The case of a Circuit containing Resistance 

B) stance (i). ^eesmiud 
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tainmg a condenser of capacity 0, and let Si be the P D. 
on the condenser at any instant At the commencement 
of the charging process Si is zero, end it gradually rues 
to the mine E, its direction being, of coarse, opposed to 
that of the applied EMI 1 ., the charging current starts 
with its greatest value and decreases, becomir\g sero when 
E,— E The case may he investigated after the manner 
of Art 2 SO, but the following modification is, pm-hapm, 
ampler 

if Q. be the charge on the oondenser at any instant, 
then Q, z= E t O and dQJdt = OdEJdt IE I, be the 
current at this instant £ =s (23 — J3,)/B = dQJdt 


• 1 Hi 

•• nz“inr 

at d(E — Jf # ) = — dB„ 

.d(E-Ed_ 

•• s-js, =s -‘m ai 

Integrating this from the lower limits when t and 


B,=0. 



lo * 

* S CJE* 

A = 

is. 


And since 





.\I, = Ie **, 


Sf 0 I is the starting value of the charging current 
Sie expression (1) should be compared with that for 
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_ From (8) it follows that the process is oscillatory, tho 
charge bomg alternately greater and less than Q and finally 
settling down to this steady valuo tho curve OPQBST in 
Fig 429a shows tho result in tins cage 


Again, from (4) it follows that at timoa t = 0,*= — - 

SfTZjv 

* — ~ ^=g -. etc,, sin v/*— g’t is zero and therefore 
v/ a - jj- 

It is mo. Fuithor from (8) it follows that after tunes 
, ir , Sir 

° + £ *+% 

\ SfsZjTgi ' otc * 7fl ^ ne of 18 tho final steady 

value Q, This means that in both cases — 




vy*~? 


4? 


Tune of half an oscillation = 
Peiiodic Time ~ T ~ 


~ 2ir i/LU ii Bis 

TIio case of the discharge on removing the applied 
EMF is dealt with by putting M—Om (2) viz,, 

+ B w +m § ~ 0 ^ 




A T 

and m this case if > R* the solution is — 

Qj=<2~^Lcos (VpZTft-a) (6) 

vp-f 

Here also tho disoharge is oscillatory and is shown bv 
tho cuivo OPQB of Fig 4291* A little consideration will 
show that tho ponodic timo is tho same as m tho preceding 
case 


If 


41 

T? 


< jt can be shown that the process in both 
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points m the case of a ciicuit containing inductance (JO) 
and capacity (0) hut no resistance (E), and m the case of 
a circuit containing inductance (£) c apacity (0) and 
resistance (22) axe dealt with in Chapter aXjl! 

In the latter more general case if 3? be used for applied 
BMP., I for current and Q for charge the instantaneous 


electromotive force equation becomes 

L^+Ut + ^E ( 1 ) 

or, since I = dQJit 

I 1?+ S § + ® =B w 


The fab solution to this would occupy too much space 
(see however Aits 808, 804) and it may be found in any 
good work on the Calculus , the results however may be 
quoted — 

4,7 

H— >2P we get, for the ‘‘charging "process — 



Pig 429a Fig 4285 


where /* = 1/Ir0, g = RI2L, rki a = gif and Q = final 
charge Portlier since I = dQfdt, by differentiating (8) 
we get — 

„■** 

I ‘* <3 V^p ,nn ' / 7 r= 7 i W 



261 


piiPCTnoMAGNrnc induction 


*»i + *«% or y^ + L^J, 

***** *R, + L*Z= y R,+L*! 


If wo nppl) tins rolation to tho first instant of the 
varmblo state at tho starting of tho currents, where x and 
y hate both zero vnluo, wo get 



rft/ /* _ 
dt / dt i 6/ 


that is, tho rata of in create of the currents at the instant 
of starling are in the inverse ratio of the setf-inductances 
of the Irancltci 

At tho instant tlio full values of tho currents are estab- 


lished and ^ 
dt dt 


an both of rare value, and tho relation 


reduces to tho usual simple form t, JZ, = t .ft, where i, and i, 
are tho final steady values of z ana y, i"e the final steady 
currents are in the inverse ratio of the resistances of the 
branches 

It must be noted, however, that if the current at A 
starts from a steady value and returns to the same value, 
after a ponod of variation, the total quantity of electricity 
that passes during the period of variation divides between 
the branches in tho same way os a steady current For 
examplo, tho discharge current from o condenser or the 
currents due to induction wbioh start and end at zero 
values come under this rule, so that the quantity of elec- 
tricity discharged from a condenser or set in motion by an 
inductive impulse divides among branching conductors in 
the inverse ratio of the resistances 


The truth of this rulo may bo deduced from the relation 
xi?i + = ffRi + 

For this gives jj )!crft + Ll & x - s^ydt + Lx&V, 


and * dt and y dt evidently denote the quantity of ele°triotty 
passing during the infinitely short intervrfof tune iff, when the 
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etm w n on- OBdUatory in the first case the charge merely 
nses gradually to the steady Tains Q, and in the second 
case it faPa gradually from Q to zero (Bee Chapter 

YTTT-) Clearly ^ ss 2P or B s= ^ gives the limit* 

mg value of E for oscillations H B exceeds this value 
the process is continuous, if less than this it is oscillatory. 

The above chief facts are mer ely sum marised here; they 
an again dealt with in Chapter X XT1 
In Arte 2S0-252a the applied EM F. (B) is a«steady" 
EMF : the cases of an alternating E M J?. in ( 1) a circuit 
with resistance and inductance, (2) ft careoit with resistance 
and capamty, and (8) a ouemt with resistance inductance 
and capacity an treated in Chapter XX 
Incidentally it may he noted that in Fig. 429a the 
maximum charge (first "surge”) u much greater than the 
final steady chugs hence it ib that a condenser joined to 
supply mams (with small 22 and large L) may “ break 
down” although, its insulation can easily stand the final 
steady pressme The remedy Ib to charge through a' 
resistance which is afterwards cut out 


253. Inductive He Distances in Parallel, — It has 
been shown (Ark 167) that a steady current di vides at A 
(Fig. 429c) in the inverse ratio of the resistances, and tbs 
is true whatever the value of L l and L v the inductances of 
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Similarly, when the circuit is broken, the anrrent very rapidly 
decreases to zero value, and the energy of the magnetio field m the 
medium rashes into tho circuit, where it is dissipated as heat, giving 
nso to what has already been desonbed as the extra onrrent at break 


From the equation given above the electromagnetic 
energy stored in the medium during a very small change 
dl in the current is hi dl, where £ is the coefficient of 
self-induction of the circuit Hence, if a current increases 
from 0 to I in a circuit of self-inductance L, the total 
energy in the medium will be 

2'LT dl or L^I dl, 

10 Energy = \LP 


r F* F» 


These should be compared with the expressions devehmed in 
Art 86 for the energy of ft condenser and of a oharged body, viz. 

Energy = Jf7F* « JQ 7 = There is a real analogy between 

the two one measures tho electromagnetic) energ y in tho magnetio 
field set up in the medium surrounding a circuit carrying a onrrent 
tho other measures the eleotrostatio energy m the eleotno field set 
up in the dielectric of a condenser, or in tno medium surrounding a 
charged body 


In the case of two circuits oanying currents / and Z tot 
JUT he the coefficient of mutual induction and L and L the 
coefficients of self-mductnon The energy **«$•*“ 
the first is *£P and m the case of the second %L%\ whilst 
the mutual energy is HIIi , thus, if JJ be the total synergy 
JE ? = J£I 1 + MTI, + JPI,* 

=s £ (£1* + 2MUj + H > h 1 v ) 

As B must be positive, LP + 231 Hi + *mvBb be praih ve 
Bob £ and U are Wh positive, whilst the Bign o£ , ^ 
by reversing the connections of one of the circuits . hence l r) 

cose, to 5 s «f ncily exact— 
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atzengths of the current* are * and y respectively. Assuming the 
current* to vaiy from values i, and h to X, and /„ and integrating 
between theie emits, we get 

if, j xdt + Xi| 2 '<f* - 2f,jVa + 

Now, if 7, = i, and /,= i* evidently j^cteand \£dy both vanish, 
and we have 

«tt*i?*Jy dt. 

But 1 x dt = g„ the quantity of eleotnmty which has pined 
J* ft 

through if, m the tune £, and I y dt m g* the quantity which has 
pawed through if, in the same tune Eenoe i?^r, as or 

to % 


254. Energy in the Bftgaeb field of a Current. 
The Case off Two Cironite. — In Art 289 the energy 
equataonmthe case of a current mrcuit is given in the form 
Eldt = PSii + IdF, 
and since F—LI this becomes 

mat = psat + Liai 

This equation endently means that the energy given out 
by the battery, El. at, is greater than the energy, PR. at, 
dissipated as beat in the etrant by an amount LI dl, 
which is associated with the establishment of the mngnafan 
field dm to the current, and must therefore be looked upon 
ss the electromagnetic energy stored in the wmd«wn m 
which the magnetic field exists , as the current rises the 
amount of thiB energy increases until the steady state is 
attained 

It will he explained later that the energy from the oell really 
traiela from the oell through the medium to the mromt, when in 
general it is dissipated, but at the starting of the mutant some of 
this energy, instead of passing to the oirout to be dissipated, re- 
mains in toe medium ss the energy of the megnetlo field, and during 
this abort period the energy dissipated is less than the energy given 
out by the cell by the amount which re mains m toe medium. 
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As the charging goes on the difference of potential between A and 
B nse8 nntil finally it becomes equal to the E M F of the cell, and 
points on PA ana on NB are at the same potentials as P and N 
rcspeotivelj TVhon this state is attained the ohaiging is complete 
and the tabes cease to trai cl through the medium from the cell to 
the condenser The energy which nos passed from the cell to the 
condenser through the medium between PA and A T 5 is stored up in 
tho elootroatatio field between these conductors, all the electro- 
magnetic energy produced being re transformed into eleotiostatio 
energy During uio transfer ana attendant 
transformation a certain amount of energy 
has been dissipated as hcac in tho conduc- 
tors PA and NB, so tliab during the charg- 
ing tho cell has given out moro energy than 
is stored in the oleotrostatio field. 

Let ns now consider tho disohargo of tho 
condenser when the plates A ana B are 
disconnected from the ooll and connected 
by a high resistance 

Direotly connection is made the Faraday 
tubes between A and B {Fig 432) travel 
towards G, so as to redueo their energy by 
reducing the difference of potential between 
their ends As each tube travels towards 
O, tho energy it loses is partiall) dissipated 
as heat and partially transformed into electromagnetic energy in 
the medium surronnding the conductor ACB, and finally, when the 
ends of tho tube meBt, the tube disappears 
and all the energy in it is transformed 
into heat and electromagnetic energy, the 
latter being finally dissipated as heat in 
the oirouib As the discharge goes on, 
tube after tube disappears, ana finally the 
whole energy of the condenser’s field is dis 
sipated andthe condenser is discharged 

In the case of a simple circuit 
PABN (Fig 438) made up of a cell 
and a conductor, tie process of trans- 
fer aud dissipation of energy by 
inaaTiB of the medium is practically 
the same as described above 
When the current first starts some 



Fig 433 



— *^y 

C 


Fig 432 


electrostatic energy is converted into electromagnetic energy 
as the magnetic field of the current is established, and 
when the circuit is broken this electromagnetic energy is 
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In engtatermg practice tha difference between LIA and IP u fre- 
quently «th>H enough to be taken as zero, however 

SSS. Transfer of Energy from a Cell to its Circuit. 

.. . — . n" . e n e J 


far of tnatgy through the medium from a cell to its rarctut 
may be obtained by comndeniig the charging and discharg- 
ing of a condenser. 

Let the parallel plate eoadenaer shown in Big 480 be charged by 
connecting itB plates to the mbs of a cell When cotmoateoa n 
made Feraday tabes 11, 22, 83, eto , each carrying amt positive 
charge at one end and amt negative charge at the other end, travel 
toward* the condenser and quickly fill op the tnedimn between the 


and N (Fig 481), the tanmnsls ot the odl, is equal to the BMP of 


Fig 480 


Fig 481 


the MU, and no difference of potential ha* yet been established 
between A and B It follows therefore that dnrmg th« mifaul utagM, 


r< ~ 





b, deoreasea a* tae points are taken farther from .r and W, and nearer 
to A and B The energy in a tube bemg proportional fa> h» Af- 
ferent* of potential between ita end*, the tabes between P and N 
will tend, therefore, to more from Pa toward* AB m order to take 
up position* of mamma potential energy, and eaoh tube, as it passe* 
toward* AB, undergoes loss of eleotroetatao energy, the anunmtlosb 
being partly disunited as heat m the ocmdnotota PA and NB. and 
partly transformed into eleetromagaetto energy of the magnetio field 
•nrrotusding toe conductors This deotromagnetia energy mas 
considered as of the nature of fcmetae energy associated with 
motion of toe tabes of tone, toe eleetrostotw enemy of wind 
assumed to be of the nature of potential energy, w 


ifri 
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tribes emtaciacd disappear; the energy thus Hors fftmoyh 
the ned nasi Still mere modem theory attributes its cur- 
rent to its motion of mortize electrons ; fids is dealt -frith 
in. a later chapter. 

2SS. She Induction CoiL Kodem laietraptsrs.— 
The induction coil is a practical application of tie pria- 
dplss of mutual inducrion, consisting of an apparatus for 
the carpose of transforming a between the ter- 

minals of a primary co3 iaso a high FJJ. festwep the ier- 
nfcals of a secondary ooiL UistTro essential prints are: — 

Cl) A srrsa c an gct in the primary oo3 shall maie the 
lnhag3S-^5nx x number of trams— in tie secondary coil 
as large as possible. 

(2) Tie current in the primary t»3 must fee made and 
troien very rapidly. 

lie construction of the apparatus is shorm In Fig 434, 
and is, ferieSy, as foEows: Bound an inner core composed 


7 t 



of a bur 2s of soft-iron wire is a «?3 consisting of 
a few tans of tst stout -sire, termed the primary of t-e 
co3; *"i g is in senes with a hreah consisting of a specs 
taetang a contact srre*-, fee spring earning at itsopJ»r 
end a snail piece of soft iron, which is attract 97 tia 
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dnpp p pf< yT as heat in the circuit, but when the current is 
steady there is a steady dissipation of electrostatic energy 
as heat m the circoit 


Faraday tabes pess through the medium from the cell 
out along the mrcmt, and. each tube* as it shortens to nothing, 
as at .4 and B, gives up all its energy to be dissipated as 
heat in the ancuxfc There is therefore m the case of a steady 
current a steady flow of tabes of electrostatic energy from 
the cell out to the medium, the ends of each tube travel 
along the conductor of the circuit and the energy of each 
tube, dimmishing aa it travels along, is ultimately com- 
pletely dissipated as hot in the circuit 
It must be remembered that Fig. 488 is only of a dia 
gnunmafac character The tubes passing from the con- 
ductor PA to JSfB must he understood to start out from 


PA in all directions, and to curve round through the 
medium to NB, on which they terminate and on which they 
dose in from all sides The medium involved m the trans- 
fer of energy is not, therefore, confined to that directly 
between the conductors PA and 1 JB aa shown in the dia- 
gram, hut includes the whole field in the neighbourhood of 
the circuit 


In an electric field such as we have described, where the 
tubes ore not m equilibrium, bat in motion, we have, as a 
result, a magnetic field — the magnetic field associated with 
the so-called currents m the conductors in the field. 
draw on the field a senes of equipotentaal surfaces and also 
a corresponding senes of surfaces of equal electric force, 
the fines of intersection of these surfaces can be shown to 
be lines of magnetic force If the motion of the tubes in 
the field has attained a steady state these surfaces will he 
find, and the lines of intersection, that is, the Km* of 
magnetic force, will be fixed This is another way of saying 
that a steady current has a definite fixed magnetic faiw 
The above represents in a ample form one aspect of 
Poyntwg’s Theorem on the transfer of energy Accord- 
ing to it the current from a cell consists of the positive 
ends of the Faraday tubes moving along the wire from the 
positive pole, and the negative ends moving dong the win 
from the negative pole, the two ends approaching as the 
:i asdu 42 
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these effects a condenser, made of sheets of tinfoil and 
paraffined paper, is connected with the primary circuit , 
one pole of it is connected to the pillar of the screw, an d 
the other to the spring The action of this condenser 
may be briefly explained thus When the cuirent is 
broken the self-induced current, having to charge the 
condenser is not able to spark across the break and thus 
the current is very suddenly broken A gain, the charged 
condenser at once discharges round the primary, but m the 
opposite direction to that of the primary onnent, and this 
tends to produce an induced cuirent in the secondary m 
.the same direction as that due to the break in fact, m 
{practice the flux in the core is reversed at each break, and 
{the induced quantity in the secondary is almost twice that 
iWithout a condenser To he exact, the condenser current 
is really oscillatory, but these oscillations are quickly 
damped, dying out before the circuit is closed again, so 
that only the first discharge is practically important. 
Summarising, we may say that the secondary induced 
current at make is comparatively small, white that at 
break is intensified, so that m on ordinary induction 
coil with a condenser the secondary induced currents are 
those due to the brealm of the primary. The action of 
the condenser is further dealt with in Art 256a 

In modem coils the vibrating hammer as a make and break is fre- 
quently replaoed by other devices gmng much more rapid inter- 
ruptions One form is the Wehneft Electrolytic Interrupter 
This is merely a cell containing as one electrode a largo plate of 
lead immersed in dilute sulphuno aoid, the other oonsittmg of the 
end of a piece of thin platinum wire projecting from the end of a 
gloss tube This cell is placed in the primary oirouit, so that the 
current leaves by the lead plate, and it is tnen found that if the 
pressure of supply exceed 24 volts or so, the current is rapidly 
broken and the secondary omits powerful discharges Anothor 
form muoh used w the Motor Mercury Interrupter shown in 
Fig 485 In Hub pattern a jot of meroury is discharged from a 
tube and caused to strike a toothed wheel which is rotated by a 
small motor at a high speed The oirouit of the primary cod » 
com pleted through the jet, hence when the jet strikes a tooth tho 
primary is made, but when the jot misses tho tooth the primary is 
broken, and tho into of this depends, obwously, upon the speed or 
rotation of tho toothed wheel, wbioh is under complete oontroi 
Also the teoth ore tapered, and thus by either raowng tho jot or 
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iron core of the cod whm currant flows through the primary, 

and fells back when the pnmatyj current oeases and 
the non coxa becomes demagnetised Hence, on attaching 
the battery, an intermittent current passes through the 
cod, the frequency of the currents depending upon the 
streng th ana inertia of the spring 
Sttrrtrandmg the primary coil, but insulated from it with 
pert care, is a coil consisting of a very great number of 
tarns of very fine wire called the secondary. The ends of 
this wire are led out of the casing and are attached to 
terminals on the top of the coil, ana usually when the coil 
ia working the secondary circuit is complete, except for a 
gap, across which it is desaed to cense sparks to leap. 

Up to this stage m the oansfarnohan the action may he 
briefly "n^"*** as follows When the primary c u rre n t 
passes (1) an induced inverse current is developed in the 
secondary, and (2) the erne is magnetised, the soft iron 
lirad and spring are attracted and the primary circuit is 
broken, when lie primary currant oeases (1) an induced 
direct current u developed in tie secondary, and (2) tie 
core is demagnetised, the sprang fells against the 
smew, the primary currant again starts and the actions 
are repeated It follows from this that so long as the 
primary currant is made and broken so long will currants 
aUemabng m opposite directions emulate m the secondary 

In practice matter® are not so simple as indinatoa 
above, owing to the self-induction of the primary circuit 
itself When the primary is "made" the resistance ia 
small and the time constant LjB is thoTwfnm great; 
when the primary is "broken'' the resistance ia gre a t 
and the tana c on stant relatively ^mullor Hence the 
decay of the primary is quicker than the growth, and 
therefore the inductive effect on the secondary at 
"break" is more pronounced tJnm that at " make " 

On the other hand, when the primary u b roken the 
"extra current" developed in it in the same directum as 
the primary makes the break less sudden and 
than it would otherwise be (thereby reducing the fadw*- 
trre effect on the secondary), and, sparking ac ross the 
interrupter, damages the surfaces of contact To prevent 
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fha «hsd up or down relatively to each other the proportion of 
tune during whioh the circuit u mads and broken » under control 
too This denoe gives excellent result* The mercury is pumped 
up by the a oti on ox the motor which rotates the wheel. 


i/W\A^ 



Fig 485. 


256a. The Effect of the Condenser of an Induc- 
tion. OoO. upon the Secondary Current. — In the treat- 
ment whidh follows (aalight modification of Lord Bayleigh 
and Starling), the resistance of the secondary is neglected, 
its inductance being the important factor 
Let now and i, denote the inductance of and current 
in, the primary, L, and I a denoting the same for the 
secondary. Let Jf be the mutual inductance of the two 
circuits and 0 the capacity of the condenser 'Finally let 
Q\ and Qj denote charges circulating in the two circuits 
Clearly the electro- motive force equations (discharge 
starting) for the primary and secondary circuits are — 

*■§+*$+§>=0 ... . .w 

I >§ +jr §-= 0 • • • m 

Again, since 1 — dQldt, and therefore dljdt = cPO/dP. 
these become.' — 


a 


^i+lf^.+ « L =0 


» • a (3) 

• • • ■■ (*) 
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2S7. Principle of the Dynamo and Motor.— The 
dynamo is a commercial application of the principle of 
toe rotating coal of Art 241 , m practice the rotating part 
consists of sereral coils suitably wound npon an non core 
and known ae the amdm, whilst the magnetic field in 
which the armature rotates is produced by powerful elec* 
tromagnets, known as the field mgnelt 
In fig 486 let AS CD be a cod capable of rotation 
about the axis XX in between the poles N, S ofamag- 


N I 



Pig 486 


net. If if be rising and OD falling, an application of 
Fleming's right hand rule will show that the induced 
current is in the direction indicated, so that P is the 
positive and Q the negative end of the coil, and the 
current in the “external" circuit will be from P to $ 
When the coil reaches the vertical the induced EMF. 
becomes aero(Art 241) 

When if begins to fall 
and GD to nee, the in- 
duced current will be as 
indicated in Pig 487, 
so that Q is the positive 
and P the negative end 
of the coil, and the cur- 
rant in the external err- i 

cult is now from Q to P 1 ® ' 

To make contact be- Pig 487 

tween the coil and the 
external circuit an arrangement known as tltp 
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Multiplying (12) by IT and (11) by K and subtooting 
as in the preceding case, we get. — 

{Ljj t - ip) §.+ = o. 

at 

Tow ig an equation of the some type as that dealt 'with 
in. Art 261, * e it u of the form + b8 l = 0, and 

at 

just as in this last case the solution is . — 

8^~ 8s 

so the eolation to the above is — 

- » 

!, = !« ss LT~ aay. 

Again, from (12) as before — 

i h f t + m l =A l 

: jDA + 10a“ at = A,, 


Putting I t = Owbeni = 0 we get A, = ACT, and sub- 
stituting thu for A, in the preceding equation we get — 


LJ,+ MIs~~ ci = MI, 



As i increases more and more, e “* becomes nearer 
and nearer sero, and is sero if t be infinite, hence . — 

Theoretical maximum value of J, = . (IS) 

Jjf 


Comparing (10) and (18) we aee that, mfh the condenser. 
He maximum value of I, w double the maxmtm jpomible 
value of I, when the eon denser te absent It should be 
noted that the resistance of the secondary has been neg- 
lected, so that the values of Ij given above never be 
actually reached in practice. 
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magnitude This it ill ho oven bettor realised by having a 
largo number o£ coils uniformly distributed along the out- 
side of an iron core, suitably connecting them and using 
a commutator divided into a corresponding large number 
of parts or segments 

One method of connection is shown m Fig 440 Here 
sixteen wires are spaced uniformly along the outside of 
an iron dram and cross connections are made as indi- 
cated, the continuous lines denoting connections at the 
front and tho dotted lines those at the back of the 


armaturo 

From the front end of conductor 1 a connection is led 
via a commutator segment to the front end of conductor 

8 Botweon 1 and 8 there ore tat conductors ; adding one 
to this wo get what is called the pitch (seven m this case), 
and this pitch must bo adhered to for the whole winding. 
Thus the hack mid of conductor 8 is connected to the bock 
end of conductor 8 + 7 as 15, and the front end of IS is 
joined via a commutator segment to the front end of a 
conductor which is seven ahead of it — viz to the front end 
of conductor 6 The back end of 6 is joined to that of 
6 + 7 = 13, and the front of 13 to the front of 4 to a 
commutator segment This is repeated, and finally the 
bock end of 10 is joined to the back of 1, and a closed 
winding is obtained 

The brashes make contact ns indicated with the com- 
mutator bars, to wb'ich conductors 1 and 8 land conductors 

9 and 16 are connected An application of the right hand 
ride will show that, with the armature revolving as indi- 
cated, the currents m the external conductors on the left 
are flowing from back to front, whilst those m the con- 
ductors on thenglit are flowing from front to back Thu 
in the armature circuit the current has two patbs-viz 
m H — alone 1 - 10 — 3 — 12 — 5— 14—7 — 16-xJ +> 
(2) B — along 8 — 15 — 6 — 18 — 4—11 — 2—9 — B+» 
whilst in the external circuit the current flows from B + 
toB — 

A simple expression for the average E M F. of this machine may 
bo readily established , thus— 

Let jpa total magnetic flax passing through the armature, 
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438) u employed, a brush presses upon each ring and 
serves to lead the current, which is still alternating, to and 
from the external circuit To obtain a direct instead of 
an oifanmfang current in the external circuit a split rag 



Fig m Tig. 489 


commutator (Fig 439) is used, if the gap in the zing 
passes under the brushes when the coil u vertical the 
external current trill go up and dorm in value, but it will 
not reverse m direction 

It la dear that by using a second coil at right angles 
to the above the induced EMF in one cod will be a 
maximum when that m the other u zero, so that by 
suitably connecting the cods and using a four-part com- 
mutator the external c urren t will be more constant in 



Fig 440 
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thus Uio machine quickly builds up With a Berics machine 
tho pressure at the terminals increase* as the external cur- 
rent increases, nhilst mth a shunt machine it decreases, 
Tnlli a compound mnehmo tho pressure at the terminals 
con be mndo to bo practical^ constant whatever the cur rent 
The prmciplo of tho motor is that of the moving coil 
galvanometer ; thus if a current from some external source 
be passed through the annaturo of Fig 440 if will begin 
to rotate, the direction of rotation being determined by 
Fleming’s left hand rule (Art 170) Now when r unning 
it will of course act as a dynamo, and an application of 
Fleming’s right hand rule (Art 239) will show that the 
induced EMF eis opposite m direction to E, the pressure 
supplied by tbe external source , this back E M F. e ib an 
important factor in practice It » matter of easy proof 
that the watts transformed by this motor are el, where e 
is the hack E MF in \olts and / the current in amperes 
(cf Art. 194), and that the torque (T) and horse-power 
are given by 

T = ... ... pound feet.HP.afx _ FnZI 

852x10^ ' 550 746 x¥ 

The brake horse-power (E & P.) is less than this owing 
to various losses 

Motors may be senes, shunt or compound wound 
Series motors are used when a powerful starting torque is 
required, eg m electnc trams and trams shunt motors 
run at practically the Bnme speed for all loads and are 
therefore useful for driving maohine tools, etc m com- 
pound motors even more constant speed for all loads can 
be obtained but they are sot largely used 
The currant m a motor is evidently (E—e)/B where 
E is the applied pressure and e the bock EMF If 
tbe motor be at rest and the full pressure E be suddenly 
applied the current will be BfB and as B is small this 
wifi be excessive and will burn out the armature To 
avoid this a variable resistance (tbe "starter”) is put in 
senes with tbe armature and os the speed (and therefore 
<?) increases, this resistance is cut out step by step until at 
fell speed it is all out and the only resistance is 5 -that 
of the motor circuit 


» 
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Z ms total number of external wires connected in senes cm the 
armature, 

n n number of revolutions per second 

Eaob external wire onta F tubes times in one revolution, «e. each 
oonduotor outs 2F tubes per revolution, and therefore ar* tubes 
per second i henoe 

AVL 

E ME. for each oonduotor = volts 


Again, bums the brushes ere placed diametrically opposite each 
other, the ourreut has obviously two paths through the armature 
{torn brush to brash Farther, eaoh path contains Z/Z conduc t ors 
in senes forming E M 3? , the two paths being arranged in paraOeL 
and put as the combined E hi IF or two equal batteries re parallel 
is the same as that of one battery, so the total E M.F. in this ease 
is that due to JB/2 conductors, hence 

Average EM? of dynamo = i X £ 


FnZ 

= ~W 


volts 


Host direct current machines axe self -excited, i e, the 
whole or a part of the current from the armature passes 
round the field magnets to further excite them, the residual 
magnetism of the fields being sufficient to start the action 
ftg 441 represents di&grammatacaJly three methods known 
as senes, shunt, and compound wound machines respectively , 
in the figure 18, w the armature, B, and if* coils on the field 
magnets The whole principle of self -excitation is that, 
owing to the residual magnetism m the fields, the armature, 
on starting, haa an EM If and current developed in it, and 



Fig 441 


this current passing round the fields strengthens them so 
~ ' ~ ~ * " on 
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t&a resistance of ooil 0, plus the line resistance plus the resistanc e 
of oou Uj ana a similar relation holds for station JB 
VA oidy u transmitting to B then on dosing A, the current 
divides into two equal paits at Aand einoe Q and Z>, ore wound in 
opposition they cancel each others effect on M 1 whioh therefore 
does not respond, but the ourrent passing through 0, hne C. to 
eortii actuates if, so that the signal is recorded at B A similar 
explanation holds if B only transmits to A. 



Big 4416 


Suppose now that A and Bare both "sending" together, sag each 
sending a "long current ” As the two batteries are working •' equal 
and opposite " through O v Of and line there will be (practically) no 
current in this part, but ourrent continues to flow through D, and «- 
Dj so that both AA and AA respond to a "long current,” < t they 
respond os long bb A, and K. are held down 
Now imagine that, simultaneously, A sends a “ long * and B a 
"short ” They start together say, then, when the Ley at B opens 
(key at A still down) the battery at B is eut out so that no current 
goes from it through D a but ourrent now comes in from the lrne 
through O t so that if, oontmues to respond to the “ long ” from A 
At A however, there ere now equal currents in both (7. end D. from 
the battery at A whioh cancel eooh others effeot on if, eo that it 
no longer responds Thus Fs signal to A cesses when K t is opened 
but A's signal to B oontmues as long as A, is dosed The student 
niiffliid think out other oases for himself 
As indicated, the above is only a brief glanae at one or two 
general principles; for details ana modem developments some good 
work on Telegraphy must be consulted 


255T» T elepho ny —As m the preceding seotaon, only tee briefest 
reference to one or two general principles oan be given here 
A Bastion through the Bell Magneto telephone is shown in 
Fig 441c Here AT is a permanent magnet carrying at one end a 
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For fuller details on Dynamos and Mot ors th e student 
should read Technical Electricity, Chapters X I X , and XX 


887a Telegraphy — Only the amplest reference to one or two 
general principles can be given here 
In the It me System the two signals which form word* and 
number*, etc are currents of long ana short duration One method 
of reomvuig them u by means of a SXoise aaimder which consults 
of an deatm-magnet fitted with an armature in inch a position that 
the latter u drawn down upon a stop when the current flows and 
fins hook against another stop when the oorrent ceases , the 
operator thus listens to the dick* and notices whether the intervals 
between them are “ short” or “ long” (“ dot" or "dash”) Another 
method of receiving the signals is by means of the printing 
mechanism: in this the armature is attached to a small inked 


2_TT7;rT^rT3? 


When the armature is not attracted the wheel is dear of 
sr hat when attraction ensues the wheel oome* into contact 

3 - J J-J. J A. 9 A.% 9 1 


dashes form letters etc aeoordingto a definite code, e.g A — , 
B — , C — — etc 

, A sup ple manat is shown in Fig Mia If the key on the left be 
depressed it will be lifted from toe upper contest and oorrent will 
flow from the battery cm toe left to the depressed hey, thence to 
hoe, to the sounder on the nght, to the key and to earth The 
hne galvanometers inserted at each end (Fig 441a) draw toe 
gwatfflf, when “ sending " if his apparatus is working correctly 
u toe distance between toe stations is great toe line oorrent may 

be too weak to properly 
A /j\ work toe recorder ; m this 

fg-a — "i” — t i-i ease a relay a employed, 
***'" -| •— i l e the line current aek 

tOUNDElfa-jouNDERr nh •*** an eketro-raagnet so 

t i) rfan v ~ FTl l nu that it attraets an axma- 

ifjSsr | _satsr tare end tons brmgs a 

pr HjJ local battery into mremt 

5 sn 557 to operate toe reoarder 
V tn Duplex Telegra- 
m'S 44l« phy it is possible to send 

, , two messages simultan- 
eously along the same wire, t e A can transmit to B at the 
*®2|* tame as fi u transmitting to A The principle of one method 

— tlHI faffMN M ltsfcl Awmlnw sw.11 l.w 0.1 t _ T» ijii mbs 


i wre TOOK, XUT EX&UttO. JL tOT 

emmpl^ the resistance of oral D, pins the resistance Bj is equal to 
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amneoted to the line , by this device the E M F is magnified in 
the ratio of tho secondary to toe pnmaiy turns (Art 230), and tons 
can overcome a high resistance m the line 



A simple oircnit » shown diagrammatically in Fig 441e When 
the receiver is on (he hook the mmut is as shows and the calling 
bell can be rang bv current coming in from the line When the 
receiver is taken off the hook the latter moves to the other contact 
and the “ speaking ” oirouit is then complete A switch is included 
in the miorophone circuit so that too battery is only sending current 
when the telephone is in uee 

In telephone exchanges small electno lamps light up automatically 
when the instruments ore lifted from the hooas aha the exchange 
then rings up the other person with whom speech is desired 
connecting the two subscribers together Other lamps indicate to 
toe exchange operator when conversation is finished so that no ring 
off ib necessary For details of modern developments toe student 
Bhould refer to some standard work on Telephony 

Exercises XV LL 
Section A 

(1) Describe experiments illustrating the chief laws of electro* 
magnetic induction. 

(2) Drove that the induced E JI F is measured by the rate of 
change of the flow of induction 

(3) Develop expressions for toe instantaneous value, the maximum 
value, and the average value of the reduced EM? in toe oase of a 
coil rotating about a vertical axis re toe earth’s field. 
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(4) When a conductor l centimetres in length carrying a current 

e (uj 0 6 S cleet’omsgnctio nuts) is placed at right ancles to a 
magnetic field of strength E, the fotre acting on the condactor is 
equal to Elc dynes. Use thi3 resnlt to determine the value of the 
electromotive force generated when a conductor is moved with 
velocity r cm /see in a direction perpendicular both to its length 
and to a magnetic field of strength H Deduce the result that the 
E.M T. generated is equal to the rate at which the magnetic lines 
of force are cut by the conductor (RSc.) 

(5) A solenoidsl eoQTO centimetres in length, wound with 30 turns 

of wire per centimetre, has a radius of 4 5 centimetres. A second 
cod of <S0 turns is wound upon the middle part of the solenoid. 
Calculate the coefficient of self induction of the solenoid, and the 
coefficient of mutual induction of the two coils. Will the indcctanoe 
of the so T enoid be affected by short-circuiting the ends of the 
secondary coil J (B Sc.) 



stKOTBOiiiairsno nrotjosioir 875s 

to) Define coefficient of self-induction and coefficient of nntnal 
indnobon 

(6) Deeenbe the eanstmotian sad explain the action of the induc- 
tion coil. 


Section S 

(1) A oopper duo having a diameter of 40 centimetre* u rotated 

about a horizontal axis perpendicular to the duo and parallel to the 
masnebn meridian Two brushes make contact with tin duo, one 
at the oeatre and the other at the edge If the value of the hori- 
zontal oompo&ent of the earth's field l* 040 Q 8 , find the potential 
difference m volte between the two brushes when the din makes 
8,000 xevdbitioni P 81 minute (BJB } 

(2) What are the magmtnde and direction of the force acting on a 

straight oonduotor 10 oentunetre* long, placed at right angles to a 
magnetio field of 50 line* per square oentimotre, the current through 
the eondnetor being ff amperes* In what nmt u voter resnlt ex- 
presnd* (BB) 

(8) A vertical hoop of wire, at nght angles to the ma gnafe, 
meridian, is qmokljr but with tnnfonn speed tuned thro'^UO* 
abont a vertical axis, its angmally eastern half moving northward 
at first State the direction in winch the induced curr ent passes 
round the wire, and determine tha position of the h oop in whiShthe 
induced E M F is the greatest (B E) 


Section O. 


(1) What u a msgnetio field’ Describe a method of detemmnnE 
Urn magnetic dip by the revolution of a enl of wu* about an ana in 
its own plane (Tnfaw B So ) 
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259. Measurement of Self-indnctanco by the 
Bayleigh-Maxwell Method — In Bayleigh’s modifies* 
tion of Mucn ell’s original method of m easunng self -mduc- 
tion the throw of the galvanometer needle in testing for 
the balance of transient currents, after obtaining exact 
balance for steady currents, is compared with the per- 
manent deflection produced by the stead; current ob- 
tained through the galvanometer b; disturbing the 
balance for stead; currents This disturbance of balance 
is effected b; making a small change in the r esistance of 
one arm of the bridge 

For this method the coil whose inductance is to be 
measured is connected np, as shown at B in Fig 442, in 

one arm of a Wheat- 
stone Bridge arrange- 
ment of non-mducbve 
resistances If the resis- 
tance of the coil is vei; 
small it is advisable to 
insert a non-indnefave re- 
sistance in the same arm 
with it 

The simplest arrange- 
Fig 442 ment is to make JP = Q, 

and to facilitate exact 
balancing for stead; currents the resistance in the arm BD 
should be two resistance boxes arranged in parallel Ap- 
proximate balance for stead; currents is obtained between 
the resistances P, Q, B, and S, then 8, being adjusted to 
a value a little above the Talue necessary for exact balance, 
the resistance T is then adjusted until exact balance is 
obtained with a resistance STj(S + T), equal to JB, in 
the arm BD. The keys are now worked in the order K s , 
K v so as to test the balance for transient currents The 
inductance in the arm CD will now cause the dischaxge 
of a quantity of electricity through the galvanometer, 
and there mil be a sudden throw of the galvanometer 
n ood l e ' Tins throw is noted; let the scale deflection 
be it, indicating an angular deflection, 5>, of the needle 
The b? 1 ""'** for steady currents is now disturbed by in- 
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258. Introductory. — The WheatBtone Bridge arrange- 
ment for measuring resistances has been applied, to the 
measurement of inductance In the Wheatstone Bridge 
method for the comparison of resistances the balance for 
a steady current is made by pressing flrit (he battery ley, 
and (hen, when (he current ii etiablwitd, (he galvanometer 
ley. If the galvanometer hey were pot down first and than 
the battery key the presence of inductive resistances in 
the arms of the bridge would, during the variable state of 
tbs currents, disturb the balance of the bridge. Mid the 

S vanometer -would indicate this by a sudden throw of 
i needle at the instant of dosing the battery key. If on 
dosing the keys in ttt* latter order, after flint adjusting for 
exact balance with steady currents m the usual way, there 
is no throw of the needle, then either there is no inductive 
resistance in the arms or the induction effects in the arms 
of the bridge balance each other a the galvanometer. 

The conditions for this balance of reduction effects 
depend upon the inductances and resistances in the bridge 
arms, ana may, therefore, be applied to compare induc- 
tances suitably placed in the bridge circuit If there is 
only one inductive resistance in the cncuit, the throw of 
the galvanometer needle due to the self-induction of tins 
resistance rosy be compared with the throw produced bv 
the discharge of a known quantity of electricity through 
the galvanometer, or by the permanent deflection caused 
by a known steady current when passed through the 
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From the two lesults thus obtained we get 


sin 


m_ t 

hpF 2w tan fi 3 


and 

Since 8 j and 8 g axe small 


i= S r 

2tt I 


8 . 


” B i = 4, 

tan £3 2 dg 

and, when p is very small, I and T are approximately 
equal Hence we get 

Ztt Sdg 

When necessary the exact value of F/I can be calculated 
in terms of the resistances involved 


260. Measurement of Self-inductance by the 
Bimington-Maxwell Method —In this method the self- 
inductance is determined in terms of the capacity of a 
condenser by balancing the throw dne to inductance m one 
arm of the Wheatstone Bridge against the throw dne to file 
action of a condenser in another part of the bridge circuit. 

The bndge circuit is arranged as shown in Fig 448, 
which is the same as that given above, with the addition 
of a standard condenser of capacity 0, having one terminal 
at A and the other terminal movable so that it 
con he connected at any point X on the resistance Pm the 
arm AS 

Imagine the keys K x and JKjlo be closed, and that exact 
balance /Atoms for steady currents with the condenser 
connected between the points A and X The presence of 
the condenser will not m any way affect the conditions of 
h«.w* in the steady state, but if, while exact balance 
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creasing T bo that the mine of ST/(S + T) ib increased by 
a mail amount p On testing for balance of steady 
currents there mil now be a permanent deflection of the 
galvanometer Let this be a scale deflection d# indicating 
an angular deflection, fL of the needle 
If 1 denote the sdf-mdnctance of the cod and I the 
current established in the arm OD on testing for transient 
current balance by dosing after Kp them q, tire quantity 

of electrimly discharged through the galvanometer, is pro- 
portional to LI, that is q as hLI, where k ib a constant 


But 


ST 


ll’ 


and therefore tH 


-5-i 


In practice it is best to obtain the induction throw of 
fee galvanometer needle by first balancing exactly for 
steady currents and then suddenly reverting the cu r ren t 
When tins is done the quantity, q, is proportional to ar.r 
and we have 

Also, when the resistance m the arm BD is «»««— g* by 
an amount p the potential difference for that a™ u 
mcrearod by an amount Fp, where F u the current in the 
am a fter th e increase is effected and the balance for 
needy cuirentB disturbed Hence the permanent current 
determined through the galvanometer may be said to be 
due to this mcremeiit of potential difference m the arm BD 
a nd m t hmgfore proportional to Fp That is t, the current 
through fee galvanometer, is given by i = Up, where k m, 

®f 0OT ? fc “ S* of the bridge, fee same con- 

stant as for g above 

But * — ^ tan fig, 

and therefore Up =2* tan 8, 
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But 

Hence 


Ix-Q-R 
i,“P~F 
Si Gi* R R + S 
3, L'B P+Q 


That is, since bj the condition for steady balance 
SQ - PB, 


or 


3. _ Ch* R(R + B) 
3, L P(B + By 
3i _Ot a B 

■£“T-3P 


Therefore, when there is a balance for transient currents 
and g. = q v we have 

Q-PB - IP, 


or 


L = 


Cr’B 

P 


The balance for transient current should hold at make 
as well as break of the current Hence the usual method 
of adjustment ib to change the position of X until there is 
no movement of the needle on making end breaking or 
reversing current at IT, while K, is dosed It will be clear 
from the relation 



that, as the maximum value of r is P, the minimum value 
of 0 with which the adjustment for balance is possible is 
LJPB 


261. Measurement of Self-inductance by the 
Anderson Method.— By a modification of the preceding 
due to Professor Andersou it is possible to avoid the 
moving contact at X Pig 445 gives Anderson's i method, 
and Fig. 444 a slight modification , the latter will be con- 
sidered first 


Ad extra non inductive resistance, N (Big 
AE and the oondenser is permanently connected betweenthe pomis 
E and B The value of K does not affect the condition for steady 
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balance of the bridge, so that by altering it otter the steady current 
balance 1a obtomeathu balance u not disturbed and the charge in 
the condenser can be adjusted so as to give the balance far tran sient 
currents The operations of this method consist therefore of first 
obtaining exact balance for steady currents and then adjusting A" 
until there is also exact balance for transient currents 


C 



Adopting the same notation os above ft is evident that if, the 
charge in the condenser, is + fi) -h PIJP, and the portion of 

this tending to pus through the galvanometer a evidently 


Also, aa above. 


H + i ^ rr — 

k+H+TTT Fmmqi 

. _ P+Q U, 

fc ?+<3+a> * w’ 


and after substitution for T and Z and sunphficatian we get 

ff. _ PP(B+S) 

and on su b stit u t i ng for F and reducing as before we get 


3L «£(2ra + OTr+PS), 

?S " 

so that when q t q t 

L= G(ITB+ ITS + PB). 

In Anderson’s method (Fig 445) the condenser is con- 
nected between A and the galvanometer branch at JSf, and 
r is the adjustable non-inductive resistance. 
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263. Comparison of Tiro Self-inductances by the 
Riven-Maxwell Method. — A modification of this method, 
proposed by Niven, allows the comparison to be made 
without repeated adjustment of balance for steady cur- 
rents. 

Tho bndgo resistances are arranged as shown in Fig 447, and an 
additional adjustable non inductive resistance N is oonneoted be- 
tween tho points h and c, tho point b being the junction of < and <r, 
the inductive and non-inductive resistances in the arm BD, and 

the point c, the juno- 
tionoftheresistonoes 
r and _p in the arm 
(7 jD. Tho coil r in (7e 
u also shunted with 
a plug key K, so 
that, when the plug 
is in, the roeistanoe 
in Ca is praotioslly 
nothing 

The first opera- 
tion of this method 
consists in obtaining 
a balance for Bteady 
Fig 447 oorrents with the 

plug m the key K, 

tho resistance <r of zero value, and the value of N infinite. This 
adjustment gives P/Q = s/p Then K is unplugged and the resits 
tanee <r adjusted until balance for steady currents is again obtained 
This gives P/Q - (r + «)/(r +/>), and we therefore have P/Q - 
s/p =strk, that is b and e are for steady ourrente at the same poten- 
tial For the third operation the balance for transient currents 
is tested and tho resistance N adjusted until exaot batsnoe is ob- 
tained When this balaneo is obtained it can be shown, by tho 
method worked out for similar oases above, that 

JU_P(2V+P + sl 

27 , — ~m * 

L x and being the inductances of s and r respectively 



264. Measurement of Mutual Inductance by Carey 
Poster's Method.-— The mutual induction for two coils 


m — » , 

may bo measured in terms of the ca] 

by the following method due to Frol — * 

The two coils P and 8 (Tig 448), P the primary and 
8 the secondary, are connected, as shown m the diagram, 


of a condenser 
isor Oarey Poster 
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2GS. Comparison, of Mutual Inductances “by Max- 
well's Method.— This arrangement (Fig 449) is oxacfh 
Hint of Lumsden's method for comparing E M F 'a (Chap- 
ter XVI.), tho olectromotuc impulses Jf,I and Jf.f pro- 
duced in the Ino secondary coils by making or breaking 
the current 1 m tbo primary coils taking the part of the 
EJIP’b in Lutnsdcn’s experiment 
Tho apparatus is arranged ns m Fig 4-19, and R t and 
R. are adjusted until tho galvanometer is not deflected 
when the primary current is mnde or broken If x and y 
denote the induced quantities circulating in £>, and S, 
and t tho time, then, applying KirchhofTs law to each 
secondary compartment— 

{S l +n l )Z+G r -^l=M t L, 

(S, + Jt,)x+G(x — y) = Jtf,r, 

(S : + R 1 )y-G(x-y) = M t T, 



and, since x = y, 

Jfi _ 8, + J? t 
if. 8 X + Jt. 

If I?, nnd JR ^ bo altered 
to E t l and Rf, so as again 
to secure a balance — 


M j- St + R , 1 
M. 8, + R? 


itr, _ i?, - jb , 1 

JSL JR, -JR? 


366. Comparison of the Self-inductance of a Coil 
with tho Mutual Inductance between it and another 
Coil by Max well's Method— In this method the first 
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in oacnit -with, a condemn at oapaody 0, tie non-induc- 
tire resistances B and ft and the galvanometer 5 By 
means of a key at E the current a ? oan be made, 
broken, or reversed, and an mdnctire impulse equal to MI 
at 2117 thereby set np m 8, whew If u the coefficient 
of mutual induction for the coils and I is the current in 
B end P The condenser also, with its terminals con- 
nected to the points L and B, becomes charged or dis- 
charged or haa its charge reversed according as tie current 
is made, broken, or re- 
versed By the arrange- 
ment of the circuit 3ie 


the galvanometer due 
to the inductance of 8 
and the capacity of 0 
are m opposite direc- 
tions, ana may be ad- 
justed to equahty by 
adjustmg & or Q until 
the galvanometer shows 
no aeflaetum on work- 
mgthakeyatJf 'When 
tha adjustment it made 
we hare 

ir=CE(0 + «). 



Fig, *48, 


^ Proof —The charge m the amdamer u (7/5, «nd the portion of 
tmi which panes through the galvanometer is 


e+s 

5+3T3 


CIS 


The electraooUve tmpoke set m in g a HI, and the mantatv of 
tieetmty set m motion by ltu * v 


MI 

G+S+q 

Thi qmstttj «H puses through the galvanometer Hence -m 

C t-g CTB _ MI 
Q+a+o as STsTV 

« tQ-t -S)<7Ssdf 
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Substituting in tbo preceding equation— 

But QS = RP, 1 o QSjR = P , honoo 


'anra" 


JlfS 


. Xr JR + S 


267. Conclusion —The student who works through the pre- 
ceding tests will come to the conclusion cither that he is a poor 
expenmenter, or that “the apparatus is wrung”— probably the 
latter Both oonolusions may possibly be correct, but the methods 
are nevertheless troublesome and unsatisfaotoiy at the best 
Newer methods depending on the employment ot alternating 

current are being developed , 
tho difficulty, however, has been 
the lack of a convenient galvano 
meter for alternating current 
work This difficulty has, in a 
measure, been overcome by the 
introduction of the vibration 
galvanometer of Mr Albert 
Campbell It consists of a light 
aoil with a bifilar suspension in 
between the poles of a magnet, 
the vibration frequency oan be 
altered and made to correspond 
with the frequency of the alter- 
nating current When "tuned" in this way the spot of bght on 
the scale becomes a band whose length is proportional to the 
current strength Campbell describes, in the Procudingt oj the 
Physical Society, several methods of comparing lndaotanoes and 
capacities with this galvanometer Thus, with a oapaoity P, self- 
mouotanco L, and mutual inductance M, arranged as indicated 
m Fig 431, and resistances adjusted for no oumnt in the galvano 
meter, it can bo shown that 



Fig 461 


r- a 4*- 


Exercise Establish the above relationships 


BBigmaamre of nroncTAirce. 


coil ih put into one aim of the bridge, and the second u 
put m the batteiy branch, the connections being such 
that the IMF due to self-induction ini is opposite to 
the E MJ? m 2/ due to the inducfcrre effect of the other 
cml 


The arrangement is shown in Fig. 460 On balancing for steady 
o ar r ant* P/S = Q/S 


Donne the varying period (IT, dosed before JTJtheP D 
AaaAJBa 


I$-X*+Pp 


and the P.D between A and On Qq For balanoe, therefore, 





Bnt»=p+ j, 




**. 


V-Ml^.irf'-Qq-Pp 


A * no current panes through <7, p =• and J = r, and, dace 
Si => fir, 


and 


= fig, le g = - 

dq _ S dp 




is 


3 - 1 * 
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Tina » the uiimt waj of presenting these relatione, but it will be 
seen that they implj flint If, H, and I are quantities of the same 
dimensions, «nd that p and k are mere numbers A more complete 
way of presenting tins matter is ns follows If p bo defined from tho 
rotation 1$ 5= nlf it is evident tlmt ft can bo unity only for on un- 
mngnetisnblo medium lienee, if wo toko air as a mngnotisablo 
meumm of permeability/^, and consider for a field of intensity 2T 
Uus flow of induction across a croi afsc, filled with air, in & medium 
of pormcnlulitj p, we liaio/i// as tbo induction in the medium, and 

Pc [JT+ ^ (/—*)] ns tbo induotion in tho air gap, i being the 

intensity of magneiisntion of the air Henco wo hwo 

pir = p 1l [n + lZ{i - oj or B^iioir+4-n-i), 

that ir p & pq + A- {I - 4)111. Here, if p^ bo taken as unit}' and 
(I - <)ns the intcnsit} of mngnolisation of the medium, no got 
It •» 7/ + 4 rl and p ** 1 + 4nr, ns above 

269. Magnetising Force in a Magnetisablo Body. — 
Wo have frequently referred to the fact that the magnetic 
or magnetising forco to he used in the present investiga- 
tions is that i» the material and not that m the original 
field before tho material is placed there, and that the former 
(IT-,) is less than the latter (J2) owing to the demagnetis- 
ing reaction of tho poles of tho specimen It ib stated in 
Art 9 that JTj = 2T —NI, where I is the intensity of 
magnetisation of the specimen andiV is a factor depending 
on its shape and dimensions If the specimen is a long 
thin rod (300 to 500 diameters) the poles are at a consider- 
able distance from the middle portions of the rod, and 
therefore do not produce any marked weakening of the 
original field along the middle portions, m thiB case H t 
may be taken identical with H Further, m the case of a 
Ting magnotised by a coil of wire wrapped closely round it 
there are no free polo3, and again H, may be taken equal 
to E 

To apply to the present investigation the exact and fun- 
definition of the intensity of a magnetic field, 
viz (hat it is measured by the force xn dynes on a unit vole, 
we must imagine a cavity m the material m which to place 
tho unit pole A cavity of any shape will not do, however, 
for tho -mills of the cavity will exhibit magnetism and exert 
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868. KevisioB.— Before proceeding with fins chapter 
the student must revise thoroughly Arts 9-15 of Chapter I 
The troth of the relation B as E + 4mT may ogam be 
shovra Consider a long thin rod of iron plaoedm a 
uniform magnetic field m air with its length parallel to the 
field The rod mil be magnetised by indnrhtyn, and the 
ends -mil exhibit polarity ; M m denote the strength of the 
poles The number of unit tabes emanating from the 
north pole is 4m, these may be assumed to be continuous 
throughout the bar from the south pole to the north pole, so 
that, if a be the cross-sectional area of the bar, the number 
of tabes par wwf area due to the magnetisation of the bar 

is4sr~ , ie 4srl (Art 20), where I is the intensify of 

magnetisation In addition, there are E unit tabes per 
amt ana doe to the field: hence the total number of amt 
tabes per nmt ereais E + 4arl, end as this gives the mag- 
netic induction or flax density B, 

Bz=E + 4v I 

To be exact the value of H to be used m the above u its 
relne tn the material, and, as previously imbra.+*d i tins u 
te» than the value E of the original field, owing to file 
demagnetising erffeat of the poles (Arts 4,8) iSmi the 
above, atm neglecting fins disturbance, we have 


S = 1+4r S’ 


16 pas 1 + 4*71, 


n Thesbore a the nral " practical" method otptonagtlw relation 
BaH+fal the ring proof however m that gvrsn m Art 270 
* 891 44 



♦ 

\» 

V 
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aa influence on thermit pole, so that tie force on the latter 
mil not be Hi, t « the force due merely to lie combined 
a ctio n of file original field and the end poles of the 
specimen 

Consider, however, a cavity such as is shown at a (Fig 
462), vu a long mdefimtelj'^toniielin the direction of 
magnetisation. The sides of the 
fanranl will exhibit no magnet 
nation, the poles at the ends of 
the tunnel will be weak and far 
away from the centre, and will 462 

not appreciably affect a unit pole 
pot there, thus the field intensity at the centre of the 
tunnel will give the actual value of the magnetising force 
JET, in the specimen Hence the magnetic or magneti- 
sing force JET, inside the syedman ie measured by 
the force in dynes on a unit north pole placed at 
the oentre of a long and indefinitely narrow tnnnel 
in the direction of magnetisation. 



In Art 82 it u shown thatm the ossa of a uniformly magnetised 
sphere fhemtesattyaf the field mode dne to tin pm itself is 
Jr/, where /is the intensity of megnetewtaon, sad an exsnnnabon 
of Pig 78 will show that tins u in the opposite dnecbcn to I. Ji 
tins msgnstnstxm he pro d uced by the sphere being in a field of 
intensity B, and if B x denote tbs maguebmng force m tits sphere— 

sad competing tins with the expression 
B X »B-BI, 

we see that for a sphere B = $r 
for an ellipsoid Maxwell gives the formula, 

tf-lr g._l) i), 


when a, b, and o ere the senu-eie s, e bei ng the long ana in the 
direction of the fiel d and a ihatp The " dnnenmon ratio " 

e/a is equal to 1/Ji - t* j thus from the above the values of & for 
venom dnuMsmwbos may be determined. For dimension tabes 
800, 400, and COO, IF has the values 00076, 00046, end 0003 


270. Induction in a BEagaetisable Body.—'We can 
also define the induction, B, m a mmnnr similar to the 
above Consider, for example, an indefinitely thin crevasse 
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275 Boundary Conditions —Similarly, boundary conditions 
analogous to those referred to in Electrostatics nra®t be satisfied 
when tubes pas» from one medmm to another of different permea- 
bility. These are— 

fl) The tangential components of the field must be the same in 
the two media. 


(2J The normal components of the induc- 
tion must be the same in the two media. 

Thus, in Tig 453, from the first condition 
we hare 

E x sin oj = H t sin c*; 
and from the second condition 
2?1 COS B, aa B s 00S <U, 
i e ^j£Tj cos oj — cos cu. 
Dividing one of these equations by the 
Other— 
tan a; _ 

4311 °s~ Pa 

It follows from tins that when tubes pass from one medium to 
another of smaller permeability they are bent toward* the normal, 
and when they piss into one of greater permeability they are bent 
axayfron the normal. The paramagnetic sphere in air (Fig; 50 (a)) 
illustrates the latter case, and the diamagnetio sphere m air (Fig 
50 (6)) illustrates the fanner. 



Fg 453 


276. Theoretical Biffing Power of a Magnet —Thu may 
b9 determined as follows. Let I denote the intensity of mag- 
netisation of the iron. Then, assuming the magnetisation to be 
uniform in the magnet and its attached keeper, we may take the 
surface densities of the charges of magnetism on the opposing sur- 
faces of the magnet and keeper as I and — I, and the force of 
attraction of one surface on the other per unit area of surface is, as 
in Art 118, given by 2 brl*. Hence, if A denote the surface area 
of the poles, and the intensity of magnetisation at every point on 
the surface he the same, the lifting power of the magnet u djnesis 
given by 2 rPA, where I is expressed in C G S units Since S, 
the magnetic induction in the iron, is equal to 4r7 (E being zero), 
we have I = BjiT, and the lifting power 2r PA can be expressed 
in the form 



277. Magnetometer Method of Measuring Per- 
meability, etc.— The method outlined below is applic- 
able to specimens in the form of wires or rods, the length 
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circumference, a the cross-sectional area, and t the current, 
{he mUmsity (JS) of the field inside is given by 

■gr _ torsi, 

and the flax density B is given by 

s = (dr=> 

where ft is flu permeability of flu medium. The flow of 
nuiiintmn through mAH turn is therefore Bo, and as tins 
passes through B turns we have for the effective flux F, 
(okpter XVIII)— 

F.-BoB- 

Putting * equal to nmty, flu coefficient of self-induction 
L becomes 

1 =^ 5 ^ 

and flu total energy m the medium is, therefore (Art 254), 
Total energy = 

Now flu volume of the medium is, m fliis case, ci, 
hence 

Energy per unit volume as j at 

~~ 

=( 

_S]5_ hH*_ 1 B* 

~ &r 

He* expressions should he compared with the cone, 
■ponding ones m Electrostatics (Chapter YI ), 
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Bat if I be the intensity of magnetisation and a the 
cross-sectional area, I = m/a, 1 e m = la, thus 

1= *& + *$ . h tan B (6) 

a{(<P + P) f -tP} 


or 


I=— htan B 


( 6 ) 


and, since all the terms on the right-hand side ore known 
(h = 18), the intensity of magnetisation I is determined. 
The relation (6) is the one invariably used in practice 
So fai we have considered a permanent magnet NS, 
but the student will now be m a position to understand the 

actual experiment The 
specimen of iron or steel 

"" IlS T r c i — 1 18 TOrtaUy m * 

U] side the magnetising 

solenoid SS (Pig. 455), 
^ ~t~ its upper end being on 
a level with the mag- 
netometer needle. The 
solenoid is in senes with 
a battery B, galvano- 
meter G, and variable 
resistance B Since the 
current in the solenoid 
affects the needle, the circuit also indudes a compensating 
coil G , with the specimen removed and a current passing 
the position of G is adjusted until the magnetometer 
needle is unaffected, m which case 0 is cancelling the 
effect of the solenoid The specimen is now inserted, a 
current passed, and the intensity of magnetisation I calcu- 
lated from the relations (5) or (6) above 
The effective magnetising force may be taken asequai 

to H, that due to the solenoid, and the latter is given by 



S= 


4 vSt 


h ’ 

where S is the total number of turns of the solenoid, ^ 
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being at least 300 or 400 diameters, in which ease the 
effective magnetising force JET, m the specimen may be 
taken os identical with H, the magnetising force as cal- 
culated from the dimensions of the wmgnafutiTig solenoid 
and the current strength. 

Consider first a long magnet plaoed vertically (Pig. 
454), with its upper pole N on a level with, and at 
distance A due magnetic east of, a magnetometer needle 
situated at O The field P at O, in the 
directum NO, due to this magnet is 




p= i!? — 


«P 5»+T 


m 


dr dP + F 


cos 0 
d 

V(P + p 

d 




\ 


\ . a) 


,N 


Fig 464 


(J+P)l 

where m n the pole abengfh of the mag- 

!f tag *“ 

*=5 - TO 

Now consider the magnetometer needle at O deflected 
W m “gle A°. 2 ft denotes, in thiTca^ 

If component of the earth's field, than from 

the relation P= ft tan 0 (Ait 38) we have 

d -g) = ft tan 0, 

IVV 


m 


a- 


, m = 


(<F + P)* J 
& tan fl _ j((T + r)t 


I g = — ■■■" V - — ft tan 0 

or, using the approximate relation p- m/(Ff ^ ^ 
m = d*ft tan 0 


(8) 


( 4 ) 
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adjustable resit-tanc'* It, nod aw ammeter or galvano- 
meter A Am additional coil D, consisting of a few turns 
is nound 01 or a part of the ring and connected to a 
balletic galvanometer BO, and a standard inductor— say 
an earth coil HO. 

The earth coil or inductor is first placed with its plane 
horizontal, and rapid I J rotated through 180° about a 



horizontal axis m tho magnetic mcndian, and tho throw 
0 of tho ballistic galvanometer is noted. If 7 be tho 
vortical componont of tho earth’s field, tt the Dumoer of 
turns and a tho fa co area of EG, and the resistance 
of tho circuit made up of D, EG, and EO, the quantity 
reduced is 2 Vna/ll , but tho quantity induced is also 
given by 10, where 7; is a constant for tho galvanometer, 

hence 


10 = 


2 Vra 

nr 


it = 


2 Vna 


A small current i, is now started in the magnetisiDg 
solenoid: this produces a flux density (say) b t in tho 
specimen, and a momentary induced quantity emulates 
through tho ballistic galvanometer circuit, P^ucmg a 
If a, be the cross-sectional area of the ring 
flow of nduction is t* and if them are «, 
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its length, and t the current m absolute units given by 
the galvanometer 0 Thus ire have for the specimen is 
question (using the relation (6) for simplicity) — 

r _ cPfctnn 6 
a — . — , 


K 


_ I _ <PW, tan B 
~S 4*8ia ' 


Bs=S+ 4arl = ^ Ir (Am +<Ph£ l tas 0) 

k a 


B _ 8ia + HU, tas & 

P “2f 


Aa tie rod is verboal it U rabjeat to the inductive action of V, the 
vei-Uoal component of the earth’s field (P = 43) ; for this reason the 

magnetising field is, to be coot, ± F; this should replace J5T 

rathe above A better method is to eliminate the offset rf F bv 
'winding over the flirt solenoid a second ilnn^S connected to a 
sspsnto battery! with no currant m the solenoid 88, the nn- 
magnstisod rod i» inserted, and the drrectinn and strength of the 
ancient in this second solenoid eo arranged that the needle remains 
F ** * t ™ **" toaban j this earth nentrehsmg current Is then 

kmi OflTIh fitllt timmcrTirmf. ffia nveasi 


— « iBiwa «f e and* an obtained, stertugwith 

I small and nwrmemg to a maximum ; tins is dona by Yarymg the 
rasutinoe R Readmes an also taken as » ia reduced from the 
ma ximum to taro By having a reversing key in the miomt i can 
oe revened and increased to a raa-nmum, teen reduced to **m. 
mid agafa mmeased to a maximum m tea original dueotion Thus 
* U ^ fl de tall » «** obtained fa the plotting of BH., Iff., and 


B78. B a llis tic Method of Measuring Permeability, 
otef— 3s this method the specimen is is the form of a 
nng, m which case, as there am no free poles, the atfaw- 
wra magnetising force in the specimen u identical with 
raat calculated from the di mension s of the solenoid and 


IChe apparatus and connections are shown is Kg 466. 
Tim magnetising solenoid is closely wound over the rise 
and is connected to a reversing key 5, a battery F,e!a 
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Let the moment (magnetic) of one of the molecular 
magnets of the specimen be if and let a be the an gle 
between its magnetic axis and the direction of the mag- 
netising field The component moment m the direction of 
the field is if cos a, and the sum of these, t e. 2if cos a, 
for all the molecular magnets m unit volume will be the 
intensity of magnetisation I since the sum of the other 
components perpendicular to the field, viz 2if sms is zero 

Thus — SAT cos a = J, 

. dSif cos a = dl, 
ie — SJlf sma da = dl. 


Again, the couple due to the field actmg on the molecular 
magnet of moment if when it is inclined at an angle a to 
the field is ME am a (Art 20), and the woik done when it 
moves through a small angle da is couple x angle, t « 
ME sma da or — ME sma da if da be a small reduc- 
tion in the angle a Hence considering again the unit 
volume we have — 


Work per unit volume = — 2ifH sm a da 

— E(~ Zif sm a da) if 2? be 

assumed constant, 

-Hil 



The truth of the above may 
also be seen as follows — Con- 
sider a cube of the material of 
one centimetre side and let J he 
the intensity of magnetisation 
and E the field This cube may 
be viewed as a magnet 1 cm 
long and of pole strength + -f 
and — J Let the intensity 
change from I to I + dl This 


is 


dl being earned from one face to 


the opposite face through a distance of 1 cm Hence since 
E is the field, Hdl is the force, and the work done for tlie 
1 cm path or the change of energy per unit volume is there- 
fore given by the expression - 


or PEBUKABn.mr 
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torus in the coil 27 the quantity induced is , but 

the induced quantity is also M v hence 

b%h.= M v 
• b - M, 

1 «i«» 

and , gabstxtatang the value of Tt previously obtained, 

b — 27wg Bj 
1 * 

thus b, is known 

The current is now increased by a further step t* pro- 
ducing an additional flux density o, , if d, be the galvano- 
meter throw — 

^STW, 
ni«H ^ 

Thm step by step process is repeated If B be the 
fl™7 flux density and* Qua final total current— 

J5 = b l + b, + l^+ s2i 

and JT=M.\ 


where 8 is the number of tuns in the magnetising 
solenoid and I the mean cwnunference of tine ring 
Knowing 3 and S, p, k, and I can be obtained from the 
rolataonsiripe previo us ly established, and the various carves 
may be plotted 


A. bettor method u to rtwrse the field by means of the key 8 and 
observe the throws, which, of conree, is then due to s change 25 
instead of B for «ny value it the magmetamnit onrrent Further, e 

etsndazd mhsMidu mdnotor u Tsschhebter ttum toe earth lodnotor 
for the oahbration part of the experiment 

979. Energy Dissipation due to Hysteresis. — In 
Art 10 it is stated that the loss of energy per unit 
volume for a cycle of magnetisation is represented by the 
area of the Iff hysteresis loop, or by the area of the BH 
hysteresis loop divided by 4* , these facts can now be 
readily established 
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and not I, then, since 3 = 4arl + 3, it is evident that the 
length of each ordinate t nteteepted by the loop mil be 4nr 
times its length on a diagram where the ordinates repre- 
sent I Hence, if we suppose the loop to be divided into 
an infinite number of vertical strips, the area of each strip 
m the B,E diaginm will be 4sr times the area of the same 
strip in the I,E diagram But we have shown that the 
area of the loop on the IE diagram represents the energy 
dissipated as heat in unit volume of the material, there- 
fore on a B,H diagram the area of the loop divided by 
4n- will represent this energy 
The latter foot is also seen from the relation 
EdB = 4arEdI + EdE, 


; f EdB 


= 4vr J EdI + j EdE, 



where 1 is the ml 

round the whole path 
The term HdEw zero, 

for if jET be plotted 
against E the result is 
a straight line, for which 
the enclosed area is 
zero , hence the BE area 

| EdB is 4ur times the 
IE area jflHZ 

heat, and t the nee in temperature, 

Heat produced in unit volume = ^ JR ^ 

and ,i » »' = 42x0 ’’ 

Area of Iff cycle 
* = & x a X 4 '£ X 0 
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Work per unit volume = Sdl 

How let OA (Fig 457) be the magnetisation carve 
(IS) of a specnnen of mm and consider a small step in 
the process represented by PQ The step is supposed to 
be so short that the magnetising force may be assumed 
constant during the step trad of magnitude Fp or Qq 
which far a very small step are equal Let this be demoted 
by JEL Let the intensity Op be I and let Oo be I + dl 
bo that ps repre se nts dl Since the work done on the 
material per unit volume m magnetising is Sdl, the work 
for this short step is evidently represented by the shaded 
area FQgp. Clearly then fhe work done on {he material 
per amt volume for the whole magnetisation represented 
by the path OA will be the sum of all the small areas such 
as PQqp for all the short steps mto which the magnetisa- 
tion may be supposed to be divided, i e it mil be repre- 
sented by the area OPQAaO Similarly if the field be 
reduced to zero (in which case the curve AO is obtained) 
the work restored, ic the wort done by fhe material per 
unit volume will be represented by the area AaOA, 

TTannft — 

Excess of work dona or unit volume ) ryom/tn 

over work done by nmt volume _) — area UJrl&AUU 

Consider now the com- 
plete hysteresis loop shown 
in Fig 458. From what 
has been said, fhe horizon- 
tally shaded areas represent 
wow done an the material 
per unit volume, and the 
vertically shaded areas re- 
present work done by the 
material per unit volume, 
and, as appears from the 
figure, fhe excess of the work 
dons on fhe material ver 
unit volume over that done 
by it it represented by the area of the hysteresis loop DABOD. 
If m the. hysteresis diagram the ordinates represent B 
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denotes the total flow of induction round the circuit of 
the iron nng Comparing this magnetic circuit with an 
electric current circuit, 4v8I corresponds to the electro- 
motive force and F to the current or flow of electricity 
Further, comparing the above expression with the corre- 
sponding one for an electric circuit, m 
E = BI, 

it will 1» seen that l/ap corresponds to B, the resistance of 
the circuit, and since B = pl/a, where p is the specific 
resistance, 1/p. corresponds to p The analogy here indi- 
cated has suggested the name magnetomotive force for 
4 vSI, and magnetic resistance or reluctance for l/ap 
Just as in the current circuit we have 


, , Electromotive Force T E MF. 

/arrant = =: — -r- , h 2 = — = 5 — , 

^Resistance B 

l the magnetic current we have 

Tnrhirtfinn nr Pb = ^flMtonofaveForCe 

Relnctajififl 


where MM F is 4arSI and Z is l/ap ; it is well to remem- 
ber the more detailed expression 



' »' ap 

The fa™ reluctance is used in preference to resistance, for 1/a/i is 
not the tree analogue of eleotneal resistance Thus taking l//i to 
correspond to specific resistance, n should correspond to specific 
c onducti vity But ft the permeability of the medium, really cor 
responds to specific inductive capacity, and the real cmleguc a 
piece ofmametued material u apclanttd dielectric, the positi veend 
negative charges at eaoh end of a tube of induction in the dieleotae 
corresponding to the positive end negative obaiges at each end of 
the tubes of induction passing through the magnetised material 
Again, whilst the resistance of a conductor at a given temperature 
is independent of the current strength, the relucten«r m tte easeof 
the magnetao oiromt vanes oonsidereUy with the adnofeon 1 orfimu 
Further; the electno circuit involves toe expenditure 
long eu the current laste, in the magnetao oiromt energy w only 
required to estoWisIi tho flux. 



0 * TOBUEA1 


Thu gives the rue in ' 
work per unit volume 
iron (annealed) si 

118.000 ena far hsi 


!■■■■■■■ III^H 
■■■■■■■■ ■■■■■■■■! 

!■■■■■■■■■■■■■■■] 

!■■■■■■■ rn.Zmmr^mnl 

jHMMria aaiiaiia 

laaBBBvairMaHa 

iHBHHBriuaHHl 

IflBIBBflflBilflflBBB 

Ibbbbbbb^bbbbibb 


iMaariHarfHiMai 
■IBBI'JII b»hb»b 
IBBBrBBBBlflBBBBfl 
■■arBIBB^BIBBaiBj 

IflflBBBBflaiBBBflBB 

IBIBBBBBBHBBBBB 

ibbbbbbbbbbbbbbb 


nty, B\of the field Fig 469 (b) 

inaide u 4arSJ{l, , , 

where Xia the currant strength and the flux tossy 
Dsfiu iarpSIjl, where p u the permeability of the 
mm. B a denotes the cron- sectional area of the iron, 
the total induction F aoroiB any section 
of the mm nng is given by 

*■=». = * !sfS. 

4»SZ = i-F 

How 4irSI heme equal to 4irfifl/l 
multiplied by I evidently denotes the 




tho oxin of the coU agamat the mag- 
netic force 4vSIft, that is, faHI gives > . 

magnetic potential for the circuit of Also 

u jamz - » * 46 


•*a 
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paratively small value of p for air (unity), cause a large 
increase m the reluctance, and therefore seriously dimmish 
the total flow of induction round the circuit 
If the current be in amperes, MMF = 4r5I/10 = 
1 25 781, and the above expression becomes 

F= 1 25751 



ap 

* 51= 8F2 JL 

ap 

The product 81 of the number of turns and the current 
m amperes is called the “ ampere turns ” 

Example Find the number of ampere tame needed to tend a 
flux of 40,000 unit tuba <if induction through a doted soft iron rmg 
formed of square iron of 2 cm tide bent into a circle of outside 
diameter 22 cm Find duo t he ampere tune for the same flux \f the 
ring be cut into tun halva, the tun halva being teparaltdby turn air 
gaps each of 1 mm 


Case 1 a=2x2 = 4sqon) 

I»tX mean diameter - 20r cm 

b = = ioooo 

a 4 

From curves for soft iron, when B ■ 

. 81 - 


>10000 /i =1900, 


■“"" X IVTO- 


1 1 Ampere turns =» 264 

Case 2 a (for air gaps) = 4sq em 

l „ „ a>2om 

p >, »» = 1 

*. 57 = *8 X 40000 ( 4 x 1900 + nr)’ 
t a Ampere turns = 1864 


The following magnetic rironit units have been sug- 
gested, but they are not extensively used — 

" “ ” Gauss (Art 18) 


.r Ihi 
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From the preceding we may define "magnetomotive 
force” as being numerically equal to the work done on a 
vmt north pah in carrying 1 1 once round a closed magnetic 
path twain st the magnetic force} “ reluctance " may be 
defined as the magnetic resistance offered by the substance 
to the passage of magnetic Jinx, and hence " reluctivity ” 
may be defined as the magnetic resistance offered to the 
passage of magnetic flux between two opposite faces iff a 
centimetre cube iff the substance 


The student must carefully distuunuah between masneba or nue> 



The idea of a magnetic circuit in which magnetomotive 
force and reluctance are related by a law corresponding to 
Ohm’s law has been found extremely useful in the design 
of dynamos, motors, and other electromagnetic TnunTmum 
Thus m a magnetic circuit made up of son iron, cast non, 
rad air gaps, if /*„ p, denote the permeabilities, 
tte loagfc&s, and Oj, a, a, the cross- sections of these 
materials, we have for the c ircuit 


Total rehwtanoe = Jl_ + JL + 

Vi ¥1 ¥i 

If the magnetism? ooil for the circuit has 8 fairn» and 
camea a current I, then 

i J 

Magnetomotive Force = 4t*8I, 
and the flow of induction round the circuit is given by 


F ixSI 

-il- + Js-+ Ji_, 

«ift a* <Vj 

or generally 

- _4snSJ 

IT 

ap 

result brings out very dearly how a very narrow 
wr gap m a magnetic circuit may, because of thecom. 
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£= 1317 ^!"+#, 

where P is the pull in pounds and 5 the area in square inches of the 
surface of contact at Q, thus B is determined 

(3) HOPKINSON’S BAB AND YOKE — 
The bar to be tested oames a magnetising 
ooil and is fixed into a heavy soft iron yoke 
(Fig 463) A secondary oral 8 encircles the 
middle of the rod and is connected to a bal- 
listic galvanometer, and the throw 6 is ob 
served when the magnetising current is 
reversed If l it a lt and m he the length, 
oross-seobonal area, and permeability of the 
rod and fg, 0 ], and p, the corresponding values 
for the yoke, we have 

Reluctance = A -f- -A 
<*iMi a & 

Magnetomotive Force = 4r A/10, 

where 8 and • are the turns and current in 
amperes in the magnetising coil , thus 

4 rSt 



10( 

+ h ) 

V<*ift 

<V»' 


But F — jBoj , henoe 
B = 



and, as F is known from the throw of the ballistic, p t is deter 
mined 

282 Work oa the Experimental Side —Much experimental 
work has been done on the determination of k and ft, especially for 
bodies other than the ferromagnetics 

(1) ROWLAND’S EXPERIMENTS —Rowland determined the 
susceptibility of crystals of bismuth and oalo spar by “ 
time of vibration or suitable specimens in a msgnetio r 
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Balnctance 


Gilbert 

Oersted 


MaxweHa = 


Gilberts 

Oerstenis' 


881. Work on the Kagineermg Side.— The importance of 
the detemunatm o£ the magneboproperties of am, wo, melee* 
tonal engineering practise has lea to the introduction of several 
co mmer cial instruments sad methioda for the purpose, thu m 
here Smug’s Hysteresis Teeter, Hop- 

kmson’a Sir and Yoke, end Snarl 

Double Bar and Yoke, Swing's Per- ' 

meability Bridge, Drysdale andThomp- * 

son’s Penneametem, ete Spew* will p 

permit only of a horn reference toons 
or two here 

tl) BWISTO HYSTgRBgB TB8- 
TEB — Thuu shown diagramroatwally 
e>Bg 481 -If is a permanent magnet 
pivoted at T BO that it oen tncrra in a 
plane at right angles to the plane of / , — . \ 

the paper; iteameaapomtarPwltteh if 1 1m 

moves over the soda ff, a oontrol I I 

weight IT, endaveaeFwlnob, — im l I 




heat The speeunm 8 is pivoted at X 
and can he rotated between the pales 
of if by means of the hand wheal H 
As the specimen rotates it is magnet- 
ised by the field of if, the lag m 
magnataataon censing it to drag the 
magnet if after it, thereby producing 

a certain defieotson of P over the ecw 

ffstte greater the leg the greater the 
deflaatmo, so that the latter is pro- 
partumal to the hysteresia taes m the 

The instrument is calibra- M 

ted by means of a specimen of known «g 

hysteresis supplied with it 

P)THQhLPSQS > 8PBKMgAMgl!BR— -Thuisehownin 
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Exercises ZTIIL 


Section B 


(1) Desonbe the ballietio method of determining the relation 

between the magnetuation end the magnetio foroe of iron m the 
form of a ring (BE Hons) 

(2) Explain in detail some method of measuring the energy lost 

through magnetio hysteresis, and desonbe some of the pnnoipal 
resalts of experiment. (BE Hons ) 

Seotion C 


(1) Define magnetic foroe, H, and magnetio induction, B Show 
that the energy per runt volume of the magnetio field between two 

BIT 

plane poles is given by £ — (B So ) 


(2) Prove that the area of the 3,B oyole denotes 4r tunes the 
energy dusipated per o a of metal dnnng eaah magnetio oyole 

(B So ) 


(3) A long solenoid of ten tnras to the centimetre contains an 
iron rod 2 om diameter, out in two Find the force necessary to 
separate the two halves of the rod when a current of 3 amperes is 
flowing in the solenoid , given that on reversing this primary 
circuit gg mioro coulombs flow through a secondary oironit of ten 
turns wound round the iron rod, end having a total resistance of 
100 ohms (BSo J 


(4) Define magnetio mduation, B, and magnetaemg foroe, H, and 

give an aooount of an experimental method of determining their 
relation for a specimen of soft iron lB So ) 

(5) Show in what features a magnetio flirouit is analogous to an 
eleotno oiromt. In what reepeots does the analogy fail t (B8o) 


(6) In what reepeots do the magnetio properties of iron and steel 
differ T Define the terms intensity of magnetisation (I), induction 
IB), and magnetio foroe (H) How do you ohtam the relation 
B = M + M1 < B8b) 


17) Discuss the Bffeote of and the methods of dealing experi- 
mentally with free magnetism m tiie measurementofmo^obo 
permeability. Find an expression for the effect of * 
raevaase upon the magnetisation of an anchor ring (BSo Hons) 

181 Show that the work ner oubio centimetre performed m taking 
a inioOTraMmm throngfia oyole of magnetisation » represented 
area of the oyole upon the 3 — 1 diagram Desonbe how 
jE.tSTWS hysteresis may be determined far yjm 
matenaL 
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Theory ehows thst ______ 


S«SBM«5I5H£3S 

The TOMtaon ni found by means of a small inductor tad » 1*1 
lutw gslMnometer , thus r was determined 

(2) COBIB'S ElCPB&ODanB -Oamhuam* «t |«B» 
of elaborate arceri meats on the determination of **od the ouMtctf 
““"""T . e rah flui Wv under 


SS^M««ion »m »nd to Moenary fetow 

it at a given point on the Add of on dwtemwort . The ri^o <rf 

the rosoeptabmty to the density WMoeHed by Gone the Sp®oiflo 

°°R)rmoit fam^petiig^ro farad thety docs no t vary wife the 
fidd. mr does livery with the tompewfcme noapt m the onto of 
bmmnth end antimony, wlndi «htw a ^•*”1'™™“ 
temperature Bor taranth tho fottwmg .has been finmdto Md 
between the temperatures 20*0 au!278’0— 

M>7 - 1 «&- OOU5 (f - OR 

In the oojw ot pwcsnagnetas Cone foond that 11 (ht product <(f (ht 

Blast, which n another form ot CnriB’B Iiaw rtienta to m An u. 
Qian if pstsmefinefao et ordinary temperatures wa found to be- 
come diunametn et high temperatures For iron the wm of 7 
deem** -with the tomperitans, kndrtlKKf 0 rtwsifaimdtDbe 
— tj» *une es far err etSSTO, but the decrease n by no means 


(3) Bmraia abd dbwab’S expermem — Hun «■ 
penmsntara mreoSgttad tho iransptdslity of m racist very loir 
temperatures, them remits indicate thst at - 182*0 tho ■nine of 
10*s is + 82i, which gives a raise far p of ION 


(4) WEBS’ EXPERIMENTS — Weus detenmned Urn value of I 
for mm, mdkd, and magnetite it the temperature of lupdd hydrogen 

end found that tho moment per gr»mme molecule is, m eon one, t 
mall integral multiple of 11285 Weiss cells this the "mag- 

netos gramme," end concludes tint m each atom of these sub- 

stances there is at least cos fundamental magnet having soonstant 

moment (if = 10 4 x 10-") the lime for each of them, sod the 

fundamental magnet be esOsthe 4 * * * * * * 11 magneton." OaSeaUten shows 

thst non, sura, end magnetite contain 11, 8, end 7 of these mag- 

netons per oolesala respeehvdy. 
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The meaning of the terms used aboie and zn succeeding sections 
may again be noted If at a particular moment an alternating 
E M F has a certain value and is just going to commence a certain 
set of Tnnations, then the time which elapses between this instant 
and the moment when the E M F has the same value and is going 
to commence an identical set of variations ib called the period (T), 
and the number of periods in one second is called the frequency (n), 
the maximum value of the E M.F being called the amplitude 
In certain cases the maximum current occurs q/fcer the maxunnm 
BMP and the cnrrent is then said to lag, whilst m certain other 
cases it occurs before and is then said to lead ; the lag and lead are 
spoken of as the phase difference 


284. Circuit with Resistance and Inductance.— 
Perhaps the simplest method of investigation, is to suppose 
a simple harmonically varying or alternating current exists 
m a circuit, and to find what must he the nature of the 
electromotive force m the circuit in order to produce such 
a current Let the current in the circuit he denoted by 

I =I 0 smut 

Hence dl/dt is cos ml, and the induced electromotive 
force due to self-induction, given by Ldlfdt, is Ll^a cos of 
How by applying Ohm's Law to the circuit we get 

b=ib+l§, 


.*. E = sin of + 2/Igo cos of, 
i e E = J 0 [B sm of -f La cos of] 
This may he written 

J? = I 0 -/IP + LV ran (of + $), 


if 


^ s= cos 4 and 
Vjp + LV 

that », if 

tan <£ = 


La 

7F+W 


= sm 4>, 


2irnL 

B 


(1) 


Here the maximum value of E is J 0 v'B 1 + and if 
this he denoted by 2? c we have 

E = E t sm (of + 4>) 


CHAPTER XX. 

AI/TEENATDfG CUBBENTS AND TBANS- 
F0BMEB8 


288. CSonrait with Boeletaaoe but so Inductance 
or Capacity.— In lie case of the rotating cod of Art 241 
the fofiomng relationships hare bees established — 


Induoed B M F 

Instantaneous Value (25) 

Maximum Value (2g) 

B a SAffa sin a 

= SAHutmvt 

E =z ZmSAE an at 

*, %'zBAh. m Sri 

SB jp sm -y 

B a = 8AEa 

B t a imSAE 
****** 


le E=E 9 sw.ut 

The current I at any instant is given by 
I=~smarf = r e Bin»<, 

■where J. denotes the nuuonnnn value of the current, vu 
EJR Thus both the current and the E M F are harmonic 
with the same penod and phase, lint of different ampli- 
tudes. 


215 






SIP a iTrRNATijf/j crrrr*.T« wp TPAJ>*>Fon v rr8 

la n Pimit w naming indw-mm- m«! rcu-tnuee, if E follow# the 
f tttiji't* hvjrouc Ii*r, / r* flu *,*— 

in » UJ' a r> mo 

Sow imume a* n tml t dutio j tl it 

i ^ y.r.n ft' - 0 ), 

"li'ro % and 4 are to !»« del* mimed hali'titi'ting— 

p n (t* - 0) + >1.1. cos (l* - ?) e E b rm u> (G) 
XU {win cos $ - cot t* rm 

■i Xhu (rtn t' dr> <;> + nn c* nn $) a JLj fin t‘, 

I e {/« cos <v tin «.■ 4 // t wn £ . nn t <) 

- {Eli nn $ cos t' - Xtu eta £ cos f) « nn at. 
Hence, equating corlliuenti— 

SCR c»i <v 4- i m ^ a / ( 7 j 

— Zit ftt#J con ^ a 0 ( 8 ) 

hquinng and adding— 

ffir 4- ^//U 1 a E e \ I c /= UP 4- VS) - E*, 



y — ft 

• * - - *- - ■■■■— v 
»!v±vs 


and 

/ = tin {«£ - 4) 

\Ji~ -r Vu 

(9) 

from (8) 

“»-T?-Tr-- 

(10) 

Further 

J - 1 < _ E n 

* *JlP + VS Sfr+iSn-V 

(11) 


285 Graphic Bcprcsontotion , — 1 be relation between the 
mjrrttid (£), the rfictirt (IE), and the#'// 1 induced [Ldljdl) electro* 
motile forces expressed by the equation 


*-“■<■** 


cin be represented graphical!! Each of the quantities vanes bar- 
monicallv and may therefore uc represented bj the projection of the 
radius of a circlo revolving with a penod equal to tliat of the elec- 
tromotive forco alternations. Tlio self induced electromotive force 


_ Jugs a quarter of a period behind the effective electromotive 

f«ww* in. fnr when one is at its maximum the other is at rero value. 
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Hence when the current vanes harmonically m a circuit 
the ele ctr omotive force m the rarcuit also vanes harmoni- 
cally , with the same freque ncy, and the maximum value of 
ihe electromotive force is VU l + JAu* times the maximum 
value of fiie current The phase of the decfcromotive 
force is, howera, in advance of that of the current, or the 
phase of the entrant lags behind that of the electromotive 
force by 4>f2tr qf a complete period, the angle cf lag 4> being 
inch that tan j>*=Lu{B, where B is the resistance, L 
the self-inductance of the circmt, and u/Shr the frequency 
f*) of the alternations of the current and the dectromotive 
force in the circuit Bence, if the electromotive force m 
the circuit be given by 

B=sB t amtd . (2) 

then, for the current we have, from the above. 


I = I a on (iot— $) 


ie. 1 


- 


-sin (<rf — <f>) . 


( 8 ) 

W 

(B) 


since I,, the maximum current, is given by 

f — ffii _ 

0 ''ff+iV VJ? + 4v-V£* 

The quantity •/& + LV is called the impedance of 
the circmt (it may he defined as the effective resistance en- 
countered by an alternating cur- 
rent) and the quantity 2m is 
celled the reactance of the cir- 
cuit These quantities and their 2 «nL 

relations axe best remembered by 
the triangle shown xn Fig 464 ; 
the hypotenuse is the impedance, 
the base the resistance, the ver- 
tical the reactance, and the angle 
between the base and the hypotenuse is such that tan i = 
2snZr/£,te it is the angle of lag v 

The student may prefer the following treatment of the 
preceding — 
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valuo of tlio uinvnt for si half-period is not used for fins 
purpose, but a aaluo known ns Inn rijuare root of {he mean 
tjttare current is u«ed 

IH (lio curie AOB (f ip 467} represent ilio current for 
n half-period Sineo tins nbscis-io of the cun o represent 
limn and (lie ordinate* current, tlio nrea bolueen tho curve 
AOB uni the lino AJ! evidently represents the quantity of 
electricity carried during tho half.poriod For in any very 



short timo represented by ah tho quantity that passes is 
gnen by ac X ah, tho area of tho shaded strip standing on 
ab, nml this is trua for every short interval into -winch tho 
half-period represented by AB c*m be divided Hence tho 
area AOB A represents tho total quantity of electricity 
earned In the current during tho half-pcnod, and tho 
average current can bo obtained by dividing this quantity 
by tlio time of tho hnlf-pcnod 

Case 1 To thaw (fill the oreroae current t*2/r, i e HVof the 
maximum euireat —Let ( ho the Iirvlf-penod, /„ the oicrage current, 
nnA / tho lnMantoneoui current , then 

/ = “L — = h [* sin at it 

* t 0 * 

= ^ J* sin u' d (ut) = [ “ 008 -] § 

J o 

n ll t , since w = ~ (see also Art 241). 

If » 
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If in Tie 465, therefore, OE represent* the mosumim valne of the 
effective electromotive force and OAthe rmuanramvalne offtein- 
Onccd eleotromotnc force, then OP drown wrdWl to A B wiD 
renrc*ent the impressed electromotive force Tot, ®noe OPE A J* 
eporollilognun, the projection of OE on 

On equal to tho mm of the projections of OP end OA . Hence, if 



th*- f pi n orr.v tvs ranvi'M to revolve rpnrd O in the direction 
rh* urn, the projection* of OP, 02* and OE on the line OX 
trip Vf>\ fiivc at an} instant the in*tnnUncon* values of E, 

- /,**£ ami It!, and a* prometriciUy tho projection Oe always 
rf* 

r|t %V Up + Oi t\« «cp^tcnclioo cxprc««*s ti»* rchtion 

E- L^p- a in, 

* *• c-n-rtg 

Tl <• a-ple rOE e.i H!h rrprer<"ji* the s-sle p of th* shore 
f-nv h *' 1 reli t*« 0 « *15 r>» ,v c cjrrert nlte*raf*m b*htnd 
I'm* tf th' «v •n-ro'irc f rc* Note ifcnt in the Fijn,"» the 
f rt f i« i*"' fc* 1 **rn*» 


280, The •* Sqwure Hoot of the Kean Square "Car- 
rent — A* t 1 1 'eth of an afct'rs current Tan"s 
fr *" iL*iv : {.> ,-«<aa‘ it is rw.» rv to sjecifv how the 
**n:,’J’i*f *■: Iiac-nrai*«wn*urr>3, ttnnroanor average 



ai.ti I'satimi ouirr'.T* am> WASsioimm 



l‘roni tho ii1k>\o it follows Uni a virtual ampere is 
on« winch will produco the mine licit, m n rCiiFlcinco ns a 
At* nl) current of one ni«pi>ro will produce in the same 
lime, ami a virtual volt is one ulm U \,hon applied to the 
ends of a re, tst men re-nils in th«* sime lie.itnn' effect as b 
sfcftdi pressure of one self applied for (he Mine time 
In pRiclictl cor), the only sallies orcr deT.lt with nro 
\irtual Milues, j f instrument readings, except in very 
bpeenl esse a Clearly, liouercr, tho formulae of Art 281 

cm bo used with urfual titles, its is illnstniled by tho 
follow ing example — 


Example An allernnlmg prtrmre oj 100 m'rt (ei rltml under- 
itoo'l) ii app'itd lo a arcin' of rtf 'oner 0 S o\n anil "If induction 
0-0J hatiy, the froptotcy hat g 50 eyel'i jrr "cond (50 ~) H hat 
mil It the rending of an amtm'rr u» the nmiit and i chat will be the 
lag in fine btfieeai jirfure and eurrrrt f 


IVc linio 


Again, 


100 


4r* (CO)" (0-01 J s 
. J = Ill'S amperes (newly) 
Ammeter reading *■, 312 amperes 
. 2r X 5Q x 0 01 


tan£ = ' 


05 


028 


*.<!> = 81* (nearly) 

and lag in time = * is second = 3 } 3 second 


Tn tins oxnmple 31 2 amperes will be tbo urinal orummotcr read- 
ing, became Ibo pressure is guen in virtual soils Tito current 
will flnoluato between 31 2 Y s/5 amperes, first one way and then 
the other, and it will resell tins maximum mlno 3 Jj second 
after tbo pressure each time reaches Us maximnm mine of 
100X */2 volts 
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The square root of the mean square value, the value "which 
ia always used to measure the current, mar be found as 
follows Let a curve AOB (Fig 468) be drawn for the 
half-period, with abscissae representing tame bat with ordi- 
nates representing the square of the current at any ins tant. 
Then the area of the strip 
abed represents the value 
of Pdf, where dt is the veiy 
short tame represented by 
db and P 11 the square of 
the current afefgsgfifi repre- 
sented by ae or od The 
area of the carve AOB A 
therefore represents 2F dt 
far the half-period, and the fig 468 

value of 21* dt di vided by 

the time of the half -period gives the mean square value for 
Urn current, and the square root of this gives the square 
root of the maun square value 
The reason for taking this value will readily be under- 
stood The heat developed by a currant Jin a tame dt ma 
resistances is PB dt or jB Pdt, hence the heat developed 
m a resistance # by an alternating current during a half- 
penod is ESPdt, and if X be the square root oftne •man .71 



heat developed m the resistance fi by thB nlWr.i« T 
«onmt wtose square root of mean square value is j£ 
ttawfore the same as the heat develop^, by a steady can- 
Jr 111 ®® 1 ament of strength X in the same timq That is, 
Ms aaematmq current is measured by the strength of the 

SfltfS ST® P^tosameh^%' ee t 

^esqnare root of the mean Bquare valna » -aBed the 

jUmmUngm. 


Oswa To show that Ou virtual current it \jj% 
maxivKm current -II I denote the vmnal onr«n£ * 



* 
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abscissae, as in Fig 469, we notice that the work done by 
the current as represented by the area of the curve is 
partly positive and partly negative, that is, during certain 
short periods occurring periodically the current generator 
gives out power, and at other pBnodB it absorbs power 
The shaded areas in the figure repiesent the power gnen 
out, the dotted areas the powei taken in, and the difference 
of the two sets of areas during a complete period repre- 
sents the total work done during the period Note that 
in the Figure the letter C is used for current 

288 Choking Coils —It is evident that lor a coil with an iron 
core the quantity Lji must generally be large, for a may he aery 
great Henoe, if an alternating current be sent through a low 
resistance coil with a soft iron core, the retardation of the current 
relative to the electromotive force in the ooil will he practically a 

quarter period, for oos £ = or, if If be small and L 

large, oos 0 = B/Lu, and B/Lu being very small 0 is nearly r/2and 
oos <f> therefore nearly zero This shows that El oos <p, the power 
absorbed by th e cod, is v ery small, although on account of its large 
impedance, »/g> -j. £»«*, it admits of the passage of only a email 
ourrent through it Suoh a ooil is usually called a ehdkmg cod on 
account of its effeot on the ourrent, and ohokmg coils are hugely 
used m alternating ourrent circuits for the purpose of adjusting the 
ourrent to any required value without waste of energy suoh ss 
takes place when a regulating resistance is placed m the oirouit of 
a continuous or alternating ourrent 

289. Circuit with Besistanoe, Inductance, and 
Capacity. — When a harmonically varying electromotive 
force .0, sm of ib applied to a circuit containing a resist- 
ance B with inductance I, and a capacity 0 m senes, we 
have 

IB + lM+ 7-^sinwf (1) 

at 

where T is the current and 7 the potential difference on 
the condenser If Q be the charge on the condenser at any 
instant 7 = QfO, and we get 

IB + + ^ -K 

Now, asm Art 284, let I = 2 sin (of-#, 
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287. Power.— The rate of doing work or the activity of 
a current is, m the cage of a steady current, given by JET, 
where J2 is the E II F. and I the current In an alternat- 
ing current both S and I vary harmonically and they 
differ in phase From the relations given above we have 
2? ss Eq sm at, 

I = If sm (erf — 

Hence the activity at any instant is given by 
J?I=S 0 I 0 Biniirf 8m(arf— <£) [cob cos (2wt— $)]. 

During a half-period the angle 2uf and therefore ! 
(2o>f — >f>) changes by 2r, and the mean value of its 
cosine for the half-penod is, therefore, zero, hence title 
power or activity of the alternating current in which the 
alternations follow the simple h&rmomo law may be given as 
P*T. cob < f > 

for a tune equal to any integral number of half-periods 


we may write 

Power = JET oos <f> 

It 

Also, since cos A = 

Vff + W 
B EPR 


Powei = £r 


FjTn? 



H we plot a power curve for a given alternating current 
by {dotting the values of HI as ordinates fa fa me s as 
« corns. 4 g 
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capacity HLw> 1 (Cut the current lagt, i£ £u< 1/Cu the 
current leads 

The condition for tho neutralisation of the inductance effect by 
the capacity effect may bo obtained without working out tho 
general solution aboto From (1) capacity nnd mductanco neu- 

trolieo if I&l m — l r Mon I r will bo a harmonically \ ary mg 

quantity with the same period as the elcclromotivo force, and 
may bo written V = r c am (at - £) Further, 7 = dQjdt 
« d[OV)ldt as 0. dFJdt , hence 7 *» Ca\\ cos (at - and dljdl 
» - Ou 1 1'o sin (ut - <fi) Thus tho required condition L.dl/dl 
a - J r becomes 


ta 


LC»'\\ am [ul ~ 4>)= F s sin (<rf - £), 

LO.lt, 


Lu a JL, or 2 

O’u 2m(/ 

an shown above. 

Further, amco u = 2r/T, where T is tho period of tho applied 
clcctromotiie force, wo ha\o 

LO = ZL, <e 

This, as shown in Chapter XXH , » tho period for oleotneal 
oscillations in tho circuit , hence when the period of the applied 
electromotive force u the tame ae that of the circuit far electric oscilla- 
ttone the effect of capacity nculmlues the effect of inductance 

If tho circuit possesses capacity and resistance but no 
inductance, it may be shown that the law becomes 


J„ = 


K 1 


Bn 


i5>+. 


V® 


..( 6 ) 


■f 


Tho effect of capacity alone ib to make the current lead 
m front of tho pressure, and 

tan angle of lead = (7) 


dearly, if m a circuit containing capacity, resistance and induct* 
anco 2*nL - l[2mO, then 2nLjR «= IfivnOR, i e the lag dueto 
induotanoc is equal to the lead duo to capacity and the two 
pentraliBO as already pren cd 
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*« *&= 2b m (a*-*), 

•** Q = -~ c °a («*-*) 

Substituting m the equation above, 

ZB sin (wt — ^j) "4“ hZa oob (flrf — cob (wf — 0) 

=: J^sin ut, 

SB am (wf— <£) + ^2J«— -jj-^Scoa («t— £) = J5 0 am at 

This ib identical with equation (6) of Art 284, 
that in place of Im we have fu» — gLj, as m that aection 
the solution is 




1= 


v '"+ (*-*)' 

1 o ^ 1 


Bin (i»t - $) (8) 


tan 4» = 


IrM — 


dm 


ZsnL- 


2am0 


..(4) 

(S) 


r _ S, am wf T 2?» 

g—, 1,-^ 

JiL 0 ™? 1 * applied electromotive fowe are 

m the same phase, and the cunent has the same value u 
m a omrait of resistance B free from inductanceand 
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Again, from ( S) Art, 284 , £, = f[l,ltf + (£«/,)», and from 
Fig 485, OP = vMS 1 + PIP Hero OP represents £ 4 , OE repre 
font* lift, and PE represent* Lul„ 1 1 2i»£f, Bat PE = bl 5 
Tolto 

: Bolf-indnciinco of choking coll 

_ r _ 82'1 G2 S no . 
“5^7,-21x80x 10 02il!nr7, 

(3) A certain chobng wi l of negligible rttutance tala a current 0 / 
8 ampera if tupphtd at 100 toff*, at 50 pemdt, per iecmd A 
certain im-induelm rentlanee, under tie tame condition *, coma 10 
ampera If the tico art tmmfcrrtd to a rvmty cy’tcm warhng at 
ISO volte, at 40 penadt per second, what total current wilt they talc 
(a) \f joined in unu, (h) if joined in parallel ! 

Ho nlno of It for tho non-indnohro retiitance and the valno of 
£ lor tho mdnutiro rewtaneo mint first bo found. For if we have 
if « 100/10 = 10 ohms, and (or L we bars 

E T f a 100 _ 100 

•Jit 1 + (2m£)> ’ a/0+(2mLf 2ra£ 

L a 5 — ^ — 5 a i heniy 
2r X 60 X 8 8 r 1 

Gate la) —The two in tenet 

r _ m E ISO 

1 JW+WKEF = y 1„, + (2, xi0x i )’ 

a 10 8 amperes 
Cant (S) ,—Tht too in parallel 
If i, be tbo onrrent for tho non-indnotjro rmatanee, 

1 , a j? m 1 ® » 15 ampere* 

If i, be the choking coil onrrent, 

S - — — — , - 15 ampere* 

k/O + {2nLf x 40 x J- 


Bat tho onrrent 1 , ba* a pbaee relationship of 90° with •„ and the 
reaaitant onrrent 7, is giicnby — 

/,=a/i7+?an/lS , + lS s 

a 21 2 amjerei, 

The total oarrcnti in the two ea*es are tiorefore 10 6 and 21 2 
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289a. Typical AC. Problems. — Ha following worked 
exam ple! will assist the student to grasp the de tails of the 
preceding sections. — 

(1) A cad of wire qf negligible resistance and inductance iXthenrp, 
and a wire of t cro inductance and resistance IS ohme are th tenee 
If the impressed E if F be ISO volte and the frequency 40 cycles per 
second, determine (a) the current, (i) the lag, (e) the PD acmes the 
inductile resistance, (i i)(hePD across the non-mductne resistance. 

(a) For the current we have . — 

lm nrrhef' ' titokct ’ 

(A) The current lag* behind the unprened B M F by an angle # 
null that — 

ten g . *n£k - &2L“£J® « -417, 

4> «» 22* and Lag in time =* ^ x ^ 

(c) P D (jBJ an the nan-indnative reeiitanoe u obtained hi the 
nsnal way, via. — 


■ ^-.«e 10. 


S' 


JBl as ISO VOltS. 


(d) P D (EJ for the mdoobve reeutanoa u obtained from *- 
* a 10 ss jSj, , JEj as 50 volts. 

Kota that the relation between the three preunree is represented 
by the tnangle OPE ot Jhg 465, OP re pr e sen ting 18% OB repre- 
eenting 120, and PE representing 00 (ISO* = 120 7 + GO*) Li the 
aue of a direct current we would haTe, of oonree, E, +E t ssB 

0) An AO an lamp nudmg CO volts it pvt across marne at a P.D. 
qf 80 tolls, and a choking coU is tn sente with the lamp The lamp 
tale* 10 ampere* and the frequency it SO per second. Find (1) the 
pressure produced by the choking cad reaction, (2) the eeff-nductanee 
qf the choang cod 

The eolation is ghen by the triangle of Fig 465 Ha m OP it 
theimprewwl or applied BMP. (60), OB u the efieotrre preesnm 


Ia •JO+^ni i)*’ 


(S0)im ON or PEw the preesure prod need by the «imin« g qqq. 

PE 1 = OP 1 — OE-, ie 
: Pressure prodnoed by ohobng coil 

= V«J» - 50* - 62*6 volte 
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wire of thickness sufliriciit fn earn thn low tension current 
result in^ from the t mnxformation, nn<I is connected directly 
with (lie s» item to which tins cumnt is to lie supplied 
Tho iron core is lisunll) n coro of soft iron wire or a 
fi) stem of tlim plat* s o*f soft iron, arranged to giro nn 
endless magnet le cirruit nnd to avoid loss of cnerpj by 
Foucault odd) currents 

Tlio principle of action of llio transformer will lio evident 
from its construction Tlio alternating current in tlio 
primary coil magnetises the iron core nnd rets up an 
alternating flow of induction in the magnetic circuit 
Tins ramhon of tlio induction through the secondary 
coil gnes an induced alternating current m the secondary 
coil Tho period of this induced current is tlio same ns 
that of the current in tho primary coil, hut tho two currents 
are not, in general, in tlio «amo phase 
The construction of a step up transformer is similar to 
tho above, saio that, the primary lias few turns of wire and 
tlio seconder} man) turuB (eg induction coil} 

Transformer Theory — (1) Tlio ratio of transformation 
depends maud) upon the ratio of the number of turns in 
tho two coils, nnd practically wo havo 

Pressure m secondary _ N umbor of turns m secondaiy 
Pressure in primary Number of turns m primary ’ 

but, since energy cannot bo gamed by the tTo.mtorma.hon, 
we have also 

E,T, = EJ V 

whore E, and J, are tho pressure and current in the 
secondary, and E, nnd 7, tho corresponding values for tho 
primary This is onlytnio if we neglect losses due to 
boating and magnetic frictions 



Inn Ring 
Tig 470 
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etraitf eontaaimg a condenser qf resistance 1200 megohms and 
capacity 22 microfarads, thejnqueney being 80/ {0 AO) 

No to that the condenser resistance in problems of tine type 
should not be regarded aa an ordinary resistance in series with the 

If She the impressed E M F., the ourrent of 10 amperes is the 
resultant of two currents, to. a current sc equal to 

in step with E, and a ourrent y, equal to Ej iX i~ y or 2mOB, the 
two differing m phase by 90P, hence — 

10 = ijsc 1 + IT t 

The Ant term within the hnoket may evidently be negloated m 
this problem, and we get — 

2P = 


*« B = - — Kg = 004 volte. 

9r5<a0x TiSf 

The answer to the first part at the question will be gathered 
from preceding pagca 

1 290. Xraiuftemflra. — Transformers are used in modem 
daotncal practice (1) for converting an A 0 of high elec- 
tromo tive force ana. low current strength, into a i m neirf . of 
lower electromotive force and higher current value, (2) for 
conver ting an AO. of low electromotive force and nigh 
current strength, mto a current of higher electromotive 
force and lower c ur r en t value The former is «Ji«ia a 
“step down” and the latter a “step up” transformer. 

A step down transformer consists essentially of two 
cons of wire — a primary coil and a secondary coil — coile d 
round an endless core of soft iron (Fig 470) The primary 
cou carries the current to be transformed, and flnnw«i» 0 f 
a large number of turns of highly insulated wire of the 
thickness necessary to cany the current transmitted to it 
The secondary coil consists of fewer turns of insulated 
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coil we get L t =: M, and we therefore have 

• L t L s = M 1 and ^SlY 
2/, V «2 / 

In the coils of a transformer these rotations hold only approxi- 
mately, for there » always some magnetio leakage between the two 
ooils, and the variation of the permeability of the iron core with 
the intensity of magnetisation complicates the result. If, however, 
we negleot the variation of permeability it may be assumed (hat 

(IP — L s L 2 ) ib a small quantity, and that^l = ^ *L^ S u roughly 

correct 


(3) If the currents m the primary and secondary coils at 
any instant be denoted by z and y respectively, and if we 
represent the harmonic electromotive force applied to the 
primary oirouit by E sin ut, the resistances of the primary 
and secondary coils by 22, and 22,, and the coefficients of 
induction by L v and M, as above, we have the following 
relations for the two coils — 


I, * + n g + sp - jb an at, 

L t &+ Ry = 0. 


JL, 

Taking the first of these relations for the primary ooil, L x ~ gives 

the book electromotive force due to self-indnotion, II ^ the back 

electromotive force due to mutual induction, and ByX the potential 
difference whioh determines the current x in the coil The sum of 
these quantities must evidently be equal to the impressed electro 
motive force B sin at Similarly, for the second relation the sum of 
the corresponding terms is equal to zero, since there is no impressed 
electromotive force acting on the secondary coil 


JTrom those equations the values of x and y are found 
to be 


E 

V# + (itaj 1 


sm (at + a). 


3Io> 


E_ 

•' / 22 3 + {Lay 


sm (at + P), 


where 
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Assuming the above, a simple relation may be established 
between the primary and secondary terminal pressures 
7, and 7, (Fig 470) Let E t be the E M 3? operating 
in the primary, B t that m the secondary, and and 
the number of toms on each Let njn t = K, then 
BJB t = n,/n, = K, and, since — E^, we have 




From the figure ire see that 

F, = 7 t - I A 
and F 1 =7 i +I r S; > 


FT, + RI& = 7, - 


and 


•• ^=£- 1 , (!+*,). 


Thm expression gives the secondary terminal pressure in 
terms of the primary pressure and other constants 
Obviously, since B,, JHL and K are Constanta, the value 
of 7, is not a definite auction of V v bid <« learned the 
mote I, is increased — that is, the more current is taken 
torn the secondary. Hence, if we desire the secondary 
me a sure to remain constant, -we must arrange matters so 
that the primary pressure rises somewhat as the secondary 
load is inc 


(2) When two coils axe wound together m such a wav 
that the flux of induction through one all passes through 
the other there is a simple relation between the coefficients 
of self-induction and the coefficient of mutual induction 
of the cods For, if L, t It, and Ilf denote these coefficients, 
and n, and n, the number of turns m the coils, we have, 
for a current I in the coil to which L x and », refer, the 
flow of induction through one turn measured by hJ/n v 

and the flow of induction through the other coil is — i— h 

*i 

That m, %-L, = AT Similarly, beginning mth the other 
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negligibly small compared with £,«, a — /J = 0 or s- If 
-we also assume that the transformer is bo well designed 
that if" — 2/ l £, is negligibly small, then we may take 
M? = £,£, os approximately true, and this gives us 

L.~~=0 or £ = 0, 22 = 22, + and a = 0. 

■"2 "j 

Hence, when the secondary coil is closed the apparent 
self-inductance of the primary coil is practically zero, the 

apparent resistance 22 is equal to 22, -f- y i -B v where 22,, 

H,, £, and £, are as defined above, and the current m the 
primary coil is in. the same phase as the impressed electro- 
motive force 

Under the above conditions, the current in the primary 
coil is ? 8m - <l ? f and the power Bpentm the coil is ^BP/B 
rphia indicates that the power absorbed increases as B 
decreases, that is, as 22, decreases, for 22 = 22, + y~B t 

and B„ £, and £, are fixed This is true, however, only 
if If* = £,£, , when If* — £,£* is a small but appreciable 
quantity the power absorbed can he shown to increase as 
X decreases to a critical value which depends upon the 
frequency of the primary c orient .Below this critical 
value of 22, the power absorbed decreases 

(6) If we apply the above approximations to the values of x and 
y previously given we get 


_ E sin ut 
R 


where 


and 


II E sin ut _ II _ 

v = T t “ § U* 


E = 1 f, + £u2s 


We have seen that and therefore Henos 


we have — — — , that is— 
x n , 

Secondary onrrent _ Number of t urns m primary . 
Primary current Number of turns in seeondaiy 

The electromotive force in the secondary coil is 
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L = L J — 


B = Bi 4 


tan a = 


Lw 
B ’ 


(MufRt 

(W+^?’ 


t a n(°-/3) = ^. 


These lesults are readily verified by simple differentoa- 
hons and substitutions. They show that the oarrenta in 
the two coils an periodic oarrenta of the same period as 
the impressed electromotive force in the pnmaxy coil, but 
differing in phase Also, from the form of the value for x, 
it is evident that the current in the primary coil may be 
taken as the current m a coil of self-induction L ana. re- 
sistance B That is, the apparent effect of the secondary 
cod is to decrease the self-inductance of the primary coil 
from Xr,to (2* — ai,) and to tnormse the resistance from 
Bj to fa + oBJ, where 

a = 


(if-)* 


(4) When the seoondaiy cod of a transformer is open 
Bf ib infinite, and a therefore is aero, and L and B reduce 
to their real values 2>, and B, 

'When the secondary cod is dosed 22, is usually small, 
and may be negligibly small compand with L t a> if u is 

large IE this is so, the value of a reduces to ^ f and 
therefore * 

r - r ^ 

and 

*=»,+ (*)\ 


Also, since tan (a — J3) = 


B. 

3^’ 


we have, when 22, is 
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there are four terminals to the machine In three-phase alter 
nators there are three sets of conduotora arranged so that, while 


set (1) ib producing the maximum E.MT, set (2) u producing 
EMF lagging 120® behind set (1), and Bet (8) is producing EM? 
lagging 120® behind set (2), and therefore 240® behind set (1) 
Instead of six terminals, the starting point of all three windings is 
usually a common junction , tins is earthed to tim shaft of the 
generator, and the other three ends after forming the windings aie 
connected to three tarmmala on the machine 

(2} Since the power supplied (direot current) to a circuit ib El 
watte, and the power wasted in a mam of resistance B ohms is I*R 
watte, it is advisable to keep the current as small as possible (thus 
reduomg the PR loss) while transmitting the same power, and the 
best method of dmng this is to raise the pressure l or examplo, n o 
can transmit 100 amperes at 100 volte or 1 ampere at 10,000 volts, 
and in each ease the power is the same, but in the scoondcase, 
since the ourrent is of its first value, the loss in the conductor, 
if the size of the latter remains unaltered, is xuiss of its former 
value Hence, if long distances have to be covered the rule is to 
transmit at a high pressure, and, since smaller currents flow, to 
have a thinner oonductor, which results m economy of copper 

In such cases it is usual to generate alternating ourrent at an 
ordinary pressure, raise to a high pressure, say 0,000 volte, by 
step-up transformers, transmit at that pressure to the far end, and 
then transform down ogam by step down transformers. (If D O is 
required, we pass the A O into a special machine called a rotary 
converter and produce DC by its meant) In modem stations for 
traotion purposes it is frequently arranged that the alternator* 
generate direot at 6,000 volte, thus saving the first transformer with 
its attendant losses. 

For snch very high pressure transmission oltemating ourrent is 
always aoleoteu, for owing to insulation difficulties at the commu- 
tator it is impossible to make a satisfactory DC dynamo to 
generate at a very big pressure , 

(3) Alternating and rapidly altering ourronts tend to oonune 
themselves to the surfooe of the oonduotor and this is more marked 
the higher the frequency Hence, conduotora for such should hav e 
a large surf aeo compared with the cross section, o thin flat hMot 
bemga good pattern to adopt This «■ •toritat 


OUU Ull COVVWU1J V W* 

increased. In the ease of a straight circular wire carrying alter- 
nating ourrent of very high frequency it can bo shown Hitt, — 

b = ra/^ 

where R = effective resistance, B, = resistance fw rfeady cmiento. 
pi epecifio resistance in absolute units, r * radius in cm* and n 
s frequency 
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UfftasiXisa (nrssESW 

„ n if J«n.*L 
fty * ■“* Zt I 

8oW*toto«ft+£*. for* toff™ 

I.M, Bnarf, 

fttft + gft) 

snd MBmoog ft to be cn«U compared with j^-ft we get 

^£nn<rf 

m the dectromotwe foroe m the eeoandaiy mromt 
ft/ If » njiij we eee that 

Secondary EM? *j „ Knm ber of tom m woondaty 
'JftnutyEfiTr = ^ Nwnber of tana in primary 

(6) The power ebeorhed m the pnmaty w, et given ehore, 

The power green out m the secondary u evidently given by 

*~E?F 

green by 


Hence the efflaenoy ei the tmafarmar is therefore 


„ JP ft 

If ft be taken as email compered with ft, tin* result redness 

to Thu u arnty when if 1 = ftft, end u nearly unity m 

awauaeogned transformer. 


MO* . XueeUuutme — <XJ The principle of the alternating 
ww t dynamo, or alternator ha* Been dealt with m Chapter 
*»*L In pneUoe the field magnets are sometime* stationary and 
the anaatan rotate*, while b other type* the arms tore u stationary 
and the field magnets rotate ; henee to avoid conftudan the rotating 
pts u called the rotor and the ataBonaiy part the orator The 
P®~ polat of an alternator mat of course be separately magnetised 
T-KP direct ourrent machine 

Intinglephaae alternator* a H the condoofaws are ooonaoted 
m cenes, and tiu end* jobed to the two dip ring*. In two-phase 
“W«w then an two different Mb* of etadtutarf, the con- 
«*««*<* one set being spaced half way between the constituent* 
the other set, *o that the E.M.F. in one set u a maximum when 
» unram the other; tteu there is a phan differenee of 90*, ar$ 
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291. Dimensions of Units. — The dimensions of any 
quantity express by a formula the extent to which tbo 
fundamental units of mass (3f), length (L), and time (T) 
are involved in the unit selected to measure tho given 
quantity Thus velocity, from tho usual relation in 
Mechanics, is distnnce/time, and tho unit of velocity is 
such that the body motes through n distance of ono centi- 
metre in one second, this fact, written as a dimensional 
equation, becomes 

[Velocity] ss — = LT~' or [®] = LT-' 1 

Agam, acceleration is defined as rate of chnngo of 
velocity, and a liodj has unit acceleration if its velocity 
changes by unity in unit time, thus for tho dimensional 
equation wo have 

[Acceleration] = £ y J = LT~* or [a] s= LT~ a 

Further, m connection witli force it 11 shown in 
Mechanics that / = ma, where / denotes the force, m the 
mass, and a the acceleration ; and unit force is defined ns 
that force which develops unit acceleration in unit mass, 
thus for tho dimensional equation wo get 

[Force] = [m] [a] = MLT~' or [/] = MLT~\ 

In a similar manner, remembering that «w7 = force y dis 
tance. wo have 

[Work] = Stem or [W] -- MlrT"- 


Example* (1} Mow luxe to ewi i *rt poJi'dal* into tl j »'* 

Tlic poundtl "fundamental" units an* 1 pound, 1 foot, an 
1 tecontl , and Uio dynt unit* are I grarone, J centimrtrr, a 


l 

1 
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(4) Alternating current and pressure onrvea may be seen or 
photographed by means of an oscillograph which u really a dead 
beat moving oon galvanometer One type consists of a phosphor 
bronze stnp which peues over a pulley, the two halves of the strip 
hanging down between the pole* of a powerful magnet. The two 
bottom ends of the strip are fastened to terminals ana the pulley to 
a spring so that a considerable tension a maintained in the atop 
A mirror is attached to the two limbs of the stnp On passing a 
o arrant one limb moves inwards, the other outwards, thus rotating 
toe mirror, the deflection of which at any instant » proportional to 
toe current at that instant The dead beat character a increased 
by toe presence of an oil bath In order to obtain a record of toe 
movement of toe minor we may receive the spot of light refloated 
from it on a photographic plate which a monng in a direction at 
nght angles to the directum at vibration so that the o urve connect- 
ing “ current" “ tune “ a obtained on the plate Frequently 

them are two strips, toe “ currant stnp " which a shunted, end the 
“pressure strip* which a m senes with a high resistance, so tost 
both currant and pressure ourree can be obtained simultaneously 


Bmmbu XXX 


Section B. 


Diskq^nih betwee n them eem valueandthe root mrmrMH^nero 

Brave that toe power absorbed by a ooil traversed by on alter- 
nating anrrent n SO aas 0, where S and (7 are the root mean square 
values of the B M F ana onrrent respectively, and B is the dif- 
ference in phase between these two quantatse? (BE Hans ) 


(2) Explain why the primary ourrant in a transformer, such as an 
ordinary noma transformer, is so much greater when toe secondary 
euramt is dosed (BE Hons.) 

Section 0. 


(1) Desonbe the oonstnutum of an electrostatio voltmeter. An 
electrostatic voltmeter gives deflections of 15, 18, and 21 scale 
dn mams for oonatant pater a .is of SO, 60, and TO volts respectively 
What deflections will be produced by an alternating electromotive 
fume B dn ft (a) when toe amplitude B is 70 volte, and Q) when 
17 u 00 volts * (BBo) 

0!) An alte rna t ing E ILF. of 200 volts and 60 periods per teaand 
is applied to a condenser in senes with a 20 vdt 6 watt metal 
filament lamp Emd the capacity of the oondenser required to run 
toe lamp (B So Hons.) 
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Similarly, for capacity wo hare 


and therefore 

that is 


2 = 70 or 0 = 



7 

V ’ 




jAsflr* 

iAiV 1 


or 


[0] = * 


It will bo notiocd that the dimensions of capaoity are the Fame as 
those of length Thu does not mean that capacity and length are 
similar quantities It is a result of tho fact tint the system of 
elcotrostatia units is a conventional ono based upon the definition 
of unit quantity of olcotnmty gtten m Art. 80 The conditions 
of this definition involve tho suppression af tho dimensions of tho 
quantity K for air This question will be dealt with later on 


By an extension of the method indicated above it is 
easy to obtain the dimensions of all the electrostatic 
quantities The more important of these are given below 


Quantity 

M3 

a -1 -1 

Electric force 

[*] 


Potential 

c n 

sM r“ 

Capacity 

[ o 3 

L 

Electric polarisation 


l _l. 

M‘L 


293. Dimensions of Magnetic Units — Tlio magnetic 
■units are based upon tho definition of the unit polo gnen 
in Art 17 Taking tlio relation/ and putting 

w'sffiwe got/= m’/tT; hence 

m* = /<P 

or m — d<Sfi 
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lwoond. Further, 1 pound = 463 89 grammes, and 1 foot = SO 48 
am Dimensions of foroe = MLT~ i = MltJT* 

Henoe, to change ponndals Into dynes ne most multiply by 
ii= 13825, 1 1 1 ponndal = 13826 dynes. 

(2) Show how to eonpert/oot-poundal» t nto ergt, and Jindthemmber 
qf watts tn a hone-power. 

In this obis the dimensions are hllAT"* = ML t /T t and the 
multiplier becomes = 421390. » e. 1 focrfc-poundal 

= 421390 asgi 

Again, 1 HP =660 foot-pounds per see =650x32-2 foot- 
ponndals per aea =600x32 2x421880 ergs per eee But 1 watt 
= ID 1 mgs per see 

1 1LP. = SL* Pjj* 431890 = teg watte 

292. Phnmaiona of ELeotrostetio Units, — To ob- 
tain the dimensions of the a a nnit quantity -we begin -with 
the relation/ = qtf/& Taking ^ j we get /= f/dP, or 

i '*=*/. 


that is 

1-dVf 

Hence 

M = ^ 


[?] = L.(MLr J ‘) i 

or 

fa] = L M^T*. 

That is 

[a] = M h^T 1 


field u 


m= ‘TrT~r 

« [F] = 

U AFDB 


Again, the potential at any point in the electric 
tIC” 1 0nBrg7 - pflr Umt 2 uanilf y ofdectnciiy 


47 
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That IS [7] = 2f^L~^T~ l L 

or [/] = Mh*F 1 

From this it is easy to build up the dimensions of the 
electromagnetic units given below 


Current 

m 

1 1 -i 

M*1?T 

Quantify 

m 

mh* 

Electromotive force 

[E] 


Besistance 

m 

LT X 

Capacity 

10] 

-1 > 

L T 

Inductance 

m, m 

L 


295. Irrationality of Electromagnetic and Elec- 
trostatic Units.— It will be seen by reference to the 
tables given in the foregoing article that the dimensions 
of the same quantity are not the same in the two sets of 
liTiifa For example, the dimensions of Quantity of Elec- 

tncity are in the electrostatic By stem, and 

m electromagnetic units, this results, as already ex- 
plained, from the suppression of the dimensions of K and 
u If we include these quantities m determining the 
dimensions of any quantity m the two sets of units it will 
be possible to determine a condition that the dimensions of 
K and /* must satisfy m order that the dimensions of the 
riven quantity shall be the same for the two sets of units 
Taking quantity of eleotncity for example, we have for tne 
electrostatic units 



g* = EftP 
q= VK Vfd 


or 
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Proceeding as in the ease of electrostatic units we get 

[»] = 

or [»] =s . 

Prom tins result as a starting point we readily obtain 
the dimensions of tbs magnetic quantities tabulated below 


Strength of pole 

[m] 


Magnetic force 

m 

AT W 

Magnetic potential 

[*J 


Plow of force 

m 

M*1$T 1 

Betactanoe 

[2 or £Q 

L l 

Magnetic moment 

nn 


Intensity of magnetisation 

ra 

Af*L"*T 1 

Magnetic mduction 

m 

mW 1 


B sho uld hero bo notaoed that u the »!»niiinn»i« of jp ^ 
tnpprm od in the elected fcafaq system, so the dimennaM of u. we 
mppieuea in the system of magnates and eleatromagoetea 


894. Dimensions of Electromagnetic Units, — To 
obtain t hese we start witii the definition of the unit of 
-current given in Art 151 Prom this we get the relation 

XT- 

T * 

where IT denotes the strength of the magnetic field at the 
centre of the coil. This gives the dnneiiEona'l relation 


m =l 

ra = m w- 
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UK] [ x /p] = 

M 2 L*T 

or [yiT/i] = IT 1 T. 

,n " t " by “ ^ 

or tlie dimensions of L s. are those of a velocity If we 

vjKjfi 

work out the result for any other quantify whose dimen- 
sions can be expressed in both sets of units we always get 
the same result We are therefore not able to give the 
dimensions of K or ft separately, but only to Btate that 



If we extend tho method indicated in this artiole it is possible 
to express tho dimensions of the alectnosl quantities in terms of 
if, L, T, and K for the elaotrostatio system, and m terms of if, L, 
T, and p for the eleatromagnetia system If m these dimen- 
sions we suppress K or p wo got the usual eleotrostatio or eleotro 
magnetio dimensions The tablo on p 841 gives these dimensions 
for tho more important quantities 


296. Practical Units. — The practical units are agam 
given below and their magnitude m terms of electro- 
magnetic an d ele ctrostatic CG-S units specified The 
quantify 1/ ^Kp is indicated by v, and its measure m 
air may be taken as 8 x 10”. 


Quantity 


Prnotical 

Unit. 


Eleetromotive Force 

Resistance 

Current 

Quantity of Eleotn 
oity 

Capacity 

Inductance 



Farad 

Micro-farad 
Henry ■ 


Eleotro- 

Eleotro- 

magnetio 

Btafcio 

C G b units 

CGS units 
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That is [fi] = C v'Z] [i//] 

OT [q) = \_i/K-\Mh*T\ 

Similarly, for the electromagnetic units 
[Q] = [It] = [J] T. 

Now to introduce p into [I] we have 

1 m? 

J-J d* 

or m = •Jp- \jf . d. 

That is, [*n] — [ </p] 

then the dimensions of magnetic potential, V, axe those of 
work per unit pole or 

«« _ 1 ITL*T* _ 1 

m ~t7H aLT ■ 


T7H 


AIbo m 
rate of 


force or strength of field JST is measured by 
of potential with dmfai-unn, rnirl therefore 


p r J“R?-pa JrVV - 

And, as m Art 294, 

and therefore [Q] = Jf^2& 

If the two sets of units are consistent the two dimensions 
for quantify should he the same, that is 

[vTKJJftzjV -1 

“ 1 

should be identical This evidently involves 
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2 ® ?1 of Electrostatic and Electromagnetic 
VT®* , we ^ tiie ^o of the dimensions of any 
eleotncal quantity m the ordinary electrostatic and electro, 
nwgnatic unite we find that the result is of the dimensions 
of a Telocity or a power of a velocity Thus, for quantity 
ot electricity, the ratio of the electrostatic to the elecfao- 
magnetic dimensions is 


irM 


or LT~ l or [»] 


Similarly, for eleotromotiye force or difieience of potential 
we get 


^-or-l, 


or 



and foi capacity we get 

or L* <T\ That is ( LT~' )' or [w»J, 

and so on for the other quantities 
Now let s and m be the numbers representing the same 
quantity on the electrostatic and electromagnetic systems 
Then clearly 

s [AW] = m [jA&V*]. 


-uK]=[^3 

In this equation s/m is a pure number, [LT ] means 
the unit of velocity , hence 


m Kji 


— I 

A quantity measured m e a units 

•• The same quantity measured mem units “ 


It should be noted teat s and m being tee magnitude* of tee same 


Qnuu^r 




THEOBT 0? UNITS 


dimensions by the appropriate formula (Chapter VII ) 
This gives 8, the electioatahc measure of the capacity u 
C G- S electrostatic units 

To determine the electromagnetic measure of its capacity 
the condenser is charged to a known difference of potential 
V and then discharged through a ballistic galvanometer 
If 8 denotes the angular throw of the galvanometer needle, 
corrected for damping, we have 


ET _ 
ttO 2 


But Q = mV, where m is the electromagnetic measure of 
the capacity and V is expressed in 0 G S electromagnetic 
units 

Hence we get mV ~ ~ A 

7 T{jt 2t 


or 


m — 


ET 8 

ZW 2' 


The measures e and m being thuB found, the value of v 
is given, as shown above, by the relation 



a 

Second Method — The pnnoiple of this method (which 
was suggested by Maxwell and has been used by Thomson 
and Searle) will be gathered from 
Fig 471, where 0 is the conden- 
ser of capacity m electromag- 
netic mute Imagine Q to be a 
vibrating piece making » contacts 
with X and T per second At 
each contact with X the conden- 
ser is charged and at each contact 
with F it is discharged. The 
char ge at each contact will be 
Em units, where E is the E M F of the cell, and the clarge 
ner second passing through the galvanometer will he nEm 
units If the time of swing of the galvanometer be long 
compared with l/» of a second these intermittent currents 




r 

Fig 471 
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quantity in tbs two nuts, their ratio u the inverse ratio of ths nn of 
thenma, is 

The em unit of quantity v 
The e ■ nmt of quantity “ 

, The e m unit quantity = v (the e ■ unit quantity) 

It was stated m Art 151 that the e m nm t quantity was 
3 x 10'® e ■ units (tins means that v — 1 fjKp. * ! X 10 u = 
vehxuty of light) 

Again, m the case of capacity, if « and m be the 
numbers representing the some capacity on the two 
syatema, 

a [IK] = mLL~ t T’ f r 1 ] 



Similarly, oa above. 

The e m nmt of oapaeity m ^ 

The e a. nmt of oaporaty * 

.* The s m unit of oapaeity = o’ (the e ■ unit of oapamty) 

It was stated in Art SI that the am nmt oapaeity was 
9 x 10“ e a umts (tine ogam meant that l/JKa = 3 x 10 w as 
velocity of light) 

ITromthe preceding H follows that u older to flatAmmiw 
practically the value of v it is only necessary to measure 
the same electrical quantity in both systems of units , the 
most convenient quantity m practice is capacity 

288. Determination of " v.”— In order to dofarmim. 
v from measurements of the capacity of a c ondens er the 
following methods may be adopted — 

First Method — A very Accurately made condenser of 
definite geometrical form — plane, spherical, or cylindrical— 
ib carefully measured, and its capacity calculated from its 
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299. Determination of the Ohm. The BA. 
Method. — The problem is to find the exact specification 
of a resistance which is equal to 10 9 0 G S electromagnetic 
units, eg to find the length of a column of mercury of 
1 sq mm cross-section and at the tempeiatuie of melting 
ice which has a resistance of 10 s 0 G S electromagnetic 
units The general principle of the British Association 
Rotating Coil Method, is as follows — 

A thin circular coil is rotated rapidly and uniformly 
about a vertical axis m the earth’s field. As a result cur- 
rents are induced in the coil, and if a magnetic needle be 
suspended exactly at the centre of the coil it will be de- 
flected by the action of the induced ourrents m the direc- 
tion of the rotation of the coil Prom the constant of the 
coil, the speed of rotation, and the deflection of the needle 
it is possible to obtain on absolute measure of the resis- 
tance of the coil. 


Let S denote the horizontal component of the eaxth’B field, A the 
area of the coil, n the number of turns, and a the ancle between the 
plane of the coil at any instant and the plane at nghb angles to the 
magnetic meridian Then F, the flow of force through the coil, ib 
given by F=nEA ooaaor, since a = ut, by F=nHA oos at, and 
the induced eleotromotive force is nSAu mn ut 


This gives 




nJBAu 

•JB* + 


sin (ut - <t>) 


But 

Also 


cos A = 


sin (ut - $) = am ut oos 4> - oos U sin <p 

6 — . . . . - ft and Bin ^ . 

h/lP + ISu 1 Jjt'+lAu 1 


Therefore we may write 

frfj fci [Bam ut - Z*>ooa ut], 

Now, if 0 be the oonstont of the cod, the field at the centre of 
the coil at nght angles to ita plane will be QI, and the components 
of this field in and at nght angles to the meridian are 01 ooa ut and 
01 smut Substituting the value of I we get 


GnEAu rp MW Tm aoB a utl. 

jR» + W 


OnEAu lfj 8Mfl g w{ --^< 1 + C08 .^-l. 
B* + IAtA 2 L 4-1 


or 
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mil produce the soma deflection 9 aa a steady cunent of 
strength. nEm units 

Now let the condenser and Q be replaced by a resistance 
Bern units and let thia be adjusted, until the deflection 
is ogam 6 so that the current is again numerically equal to 
nEm, hence 


mam s= — . 

GF + r + B* 

““«( d + r + B) ’ 
from which, knowing n the 
various resistances, n is deter- 
mined If m is small (<3+r+B) / 

will be large far medium values / 
of n, and 5 (GF + f) is «naTl jg S. 
will be large, banco we may \ 
write 8\ 

" = S W Lit 


'/ft 


bo that the capacity m behaves am 

like a resistance B = 1 ftvm ™ 

Hence Maxwell pointed out that instead of sabstitutmir 
a resistance for 0 and Q, there might be placed in mm arm 
of the Wheatstone Bridge sod a balance obtained in the 

usual way (Fig 472) In this way B> ic _1_, and 

therefore m, is determined 

The capacity iisei units is obtained from the <1™^. 

sums of the condenser, and therefore v = ^/Zjs found 

The preceding method is specially suited to the measure- 
ment of small capacities 

The values obtained for v by various methods all an. 
proximate very closely to 8 x 10 w cm per sec This is 

Cha pter X XII. that the velocity v really is the velocity of 

SX°vd^ Sh&t****’ “* “ tW ° reid8atlcsi 
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From these relations JB can be determined absolutely, 
for all the other quantities can be calculated from the 
dimensions of the coil and the speed of rotation. The re- 
sistance of the coil cucuit thus determined in electromag- 
netic C G-.S units can then be compared with the specific 
r esistance of pure meicury and the resistance equivalent to 
the fthm, or 10 s C G S. electromagnetic units deduced from 
the results. In this way the ohm can be specified in terms 
of the specific resistance of pure mercury 
The ohm determined from the results of these experi- 
ments was called the BA. unit, and its value is about 
9868 of the ohm as now specified. 


300. Determination of the Ohm. The Lorenz 
Method. — When a disc of conducting material is rotated 
in its own plane in a magnetic field about its geometrical 
axis a difference of potential is set up, as already ex- 

5 lamed, between the axis and the circumference of the 
iso As in Art. 244, if S denote the component of the 
field at nght angles to the plane of the disc, and if the field 
be assumed uniform, we have 


where r denotes the radius of the disc, T the time of 
rotation, and o the difference of potential set up between 
the axis and the circumference of the disc If, then, a 
disc be set up m the interior of a tong osrefuHy-wound 
solenoid with its axis paiallel to the axis of the coil (which 
should be at nght angles to the meridian in order to 
eliminate the earth’s field) and made to rotate uniformly 


we Bhall have 


sr’ 4irnl _ 4irV«r 

2 ? T ’ 


where I is the current m the coil, for the plena of the disc 
is at nght angles to the field 4ml inside the coil due to 
L Sent I passing through the cod It is easily 
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or 


for the component parallel to the meridian, and 

[Bern 9 ul-LuoMttivmtri], 


or 


- ootfiut) — ZunaStrfl 


* sS^r5^ffei yi0 “ 2 ' i ‘ +£, * ,Bn2,,tl - 

i*!w- jf^** 1 **-' 1 

for the component at nght angles to the meridian 
Then expressions for the components of the field don to the 
induced currents consist each of two parte, a constant part and a 
penodio port of period double that of the rotation of the coil, and if 
the needle suspended at the centre he assumed to have a sufficiently 
large moment of inertia the effect of the penodio ports of the oom- 
panente mil hare a negligible effect m determining its position, 
end we may write the components effectively determining the posi- 
tion of the needle as 

n- GnHALtfi 

M ~sm r Ti^i 

parallel to the mendian end 

gw HABv 

SlJP + lW 1 ) 

at nght angles to the mendian 

If therefore t he the observed deflection of the needle from the 
mendian, we have 

SkffiUb 

aw+ W) 

tan I sb - 


S-, 


GnSALvfi 
ZW + LW] 

QnABu 

‘ 2 (iF+ W) - GnAUi > ' 
H Lv is very email, then tine reduce* to 

ten *“ TOT-* 


taut • 


»_ GnAu 
~ 2 tan 8' 



Tnrout or unit* 


3 ^ 


tan i 


mined absolutely Hu* can, howetrr, be done by thp deflection 
and O'crilstion method of Art 13 ihtepi\rs 

// ^-S.A/~l r T 

I v (P tan a' 

Substituting this value of If m tho expression for I wo get 

i~JjK 

v d‘ tan p tn 

In thin ctprct«inn for / them i* no ipnntitj which cannot I* 
iocs' ured din oilj in ono or mon of tho fundamental units of m i*\ 
length, and time; and oo I can ho detei mined nb oluich hi 
nics'iirctnent made with tho balance, tho rale of length, and a 
seconds clnel. To msht nn accurate alroJute mcwirimint of 
eumntit would bo Hi i« -eirj to adopt Ie*i approximate r> lotiwix 
than tho'O glscn nboso and to peouro the utmost accarun 
possible in mating tin fundamental measurements. Inn the outline 
Just gi sc ii rnlhcientl) Jndicstis tho method 
Tlie nl'olulc mcssnrt meiil of current can ols> be ninde hs 
m"S"unnp the nUmetion between two coils mming the rime 
ccrrcnl and placed with tin ir plams piratic!, at right antin' to the 
line joining their centre! If 7 lie the eurnnt in the cols and M 
the coed c.tnt of nirtunl induct i m, tho force of attr.v tin i is git in 
hj /’ (f Uf/rfr), w here rf Vfiir d< note s the note of rhsiij c of M with 
r, the di-iaur ■ between th**eu>frr*iif thncnils This rite of el an.** 
of .V can lc nlotilnt'sl from the dimenm is of the coil m, and 
tho force of attiactum Ir tween the coils ran lie d'h-rmiwd in 
d.mci dm rlli One eod is attached to one pin of an r<- tnf« 
bahiice and ihe other Is fiwd in Ilia rpccifled position under » 
hen the current pvis the fmee rf attrontlon Vtwern the is ills 
cm l>e exact 1 * Inianccd hj tdvne weights in the ••'he pan of the 
bs'snre, and from these wi lghta the me-aure of the inree Is nuns' 

obta'rnl tndsm". . . ... 

Isml Hntleiidi and Mn bid/nleh in tl.efr dcte-mlrstion of th« 
elect roc)temlcsi f'lunahnl of rllscr mra"’rr<l the n rirnt in this 
tint . os a mean nui’t it w n f*», id that Urn 0 0 h unit f ir.r.i 



{admit* d '7 «» roil- ,1 and It ate rmt -'"; 1, «'n« with a »*nt - » 
gntmg a »U sdv r„rmil 7, .the ether t**"i a I slhr-a f »!»« • ' 
On rtset*ing 1 
in li thv 0 

ton Red F ns -- - yij> 

cm ut If t Ir* *V> thro - ow'led fr«- d-mpng. Q ‘ ^ , t 

9W «T f, tr ;* 

/: rO J If I* 


sdv r«rnul 7, the other >»>"> a I tlhr'-ngiltai - < 
i tV cur* nt 7 in f nn rn li —I <p s »* V r v < 

I . «» WI etn M f« tl e re-r e I* of fl 1 *« *- l* ' " 
■ the fesUlsr *v of It ei I the lull t* » fib*' ‘ ' J* 


lienee 
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the coil and oanyii 
resistance between 


therefore the tame sorreni HE bo 
lass two points when the balance is 


In this wij I is eliminated and the resistance B is 
datsnmned m 


for f is a length, 
n the number of 
tarns par mi 
Imgfh, and Ta 
time At m 

'Bn arrange- 
ment of connections for tins method u shown diagram- 
mafacafy (Fig. 4178) The elementary theory at the 
method u ample, but there an a number of details and 
coneohosa The method is due to Lorenz, and careful 
determinationa made by lord Saylewh and Mrs Sidgwick 
and by the kte Principal Vmamn Jones show that it is 
capable of giving terj good resnlte 

801, Absolute Measurement of Current, b«K . 
®®ce, end Electromotive Pore-: —Most of the measure- 
manta dealt with in previons abaptera have been earn- 
psretm and not absolute, to measure any 


^ the neoeasary fundamental unite of length, mass, and 




(1) ftwwt— 1 Pa carat tote matured a. far muml. j 


S+Am**” "u® 1 ? & hotmmtal coapsomt of flu 
eartn add, the who of which mat not he suomStat dote! 


THEORY OF VS1TB 


1 now unit s^OQS. trait, 
» «• 1 0 G 8 unit = (SCO new traits , 

* *. ’18 0 G S trait = 103 new units, 

*e jr « ios 


2. And the connection between the volt and (1) the e.m unit, (2) the 
e t t mil of potential 

Tho definitions of tho practical units in terras of the GG.S 
units (Chapter XI ) really amount to taking 10* cm (an aro of 
the earth’s surface), 10~“ grammes, and the second as the units of 
length, mass, and time ; hence the praotical system is sometimes 
called the quadrant eleventh-ot gramme second system 


Dimensions ** 21**1$ T * 

A Multiplier = (10 -»)i(10»)& = 10», 
t.e 1 volt = 10» e m units. 

Again 1 e m unit is units, 

* M»um.umto = -_^ sa _* 5 u,.umt, 
t a 1 volt — g^; e s unit 


Note — The look of uniformity is the systems of eleotnoal nuts 
and tho complication of eleotnoal equations by the “4 monstrosity” 
haie led to seieral suggestions for a more rational system Mr 
Oliver Heaviside suggests that nmt pole should be taken as that 
which exerts a foroe of 4s- dynes on an equal pole one centimetre 
distant, and evokes a system in whioh 


One Heavinde Unit of Polo Strength 


1 


X CCS Unit Pole, 


Current = -~=L X The Ampere, 

BMP - x He Volt, 

Resistance = fcx The Ohm, 


and so on Professor Pessonden suggests rationalising onr 
formulae by taking the permeability of air as 4r Other mg 
P»ilinn « have been made, but so far none has met with decided 
approval , so that we are still worried with two disbuot ^sterns oi 
units whioh do not in the least ooraoide, two distraot sets of 
dimensions neither of whioh can possibly be correct, and an awk- 
ward 4r in our formulae 
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Ha tangent galvanometer be in series with .dandF bathe defieo- 

turn, / as "gr tan S' , substitubng— 

n irif a tan S' 

Sa -Tjr -y — 5— 

Tha ratio G/GF may be obtained experimentally by passing tha 
aama current through tha two galvanometers in senes, and tha 
other quantities involved oen be directly determined in funder 
mental amts 

(3) Sltdnmim Foret.— In praotioe, having obtained the two 
preceding quantities wdepeaSantly m absolute measure, enS M F 
eu bedatenmned boa them , but SHU might be measured 
absolutely as follows If a thin mroular oondnotor be made to 
rotate in a uniform field about an amt at right angles to tha direo- 
tton of the field with a uniform velocity a, then, neglecting eelf- 
induotum, the deotromohve force induced in tha oondnotor at any 
instant a, as in Arts 241, 283, given by 
a a HAm su «rt 


The maximum value of a obtains when the plane of the oondnotor 
is parallel to the dneotton of the field, so that if the mroular con- 
ductor be out, and the ends made to oonneot automatically with 
the tarmmali of a voltaic cell ovary tune the oondnotor peases 
through this position, it would be posable to arrange that the 
B M F. of the cell should be opposed to the induced E1LF in the 
oondnotor, and to adjust tha speed of rotation imfal the two 
opposed electromotive forces should exactly balance. We should 
then have 

HAuimut, 


where 27 ran be determined abaolutolyu before and the other 
quantities mvolved are fundamental lie etotromobva torn of 
the oell oen thus he determined in abeolnte uutu 


Examples. 


1 35* win* 0/27 «< J&w is 18(70.5 mU; txprtstthutnmm . 
tagm , inn. «aif« 


Dimensions of field « M^L ij 1 - 1 , 


, fif* 
&T ' 


1mm ss^om ; Imgtn - nfar gramme j lam sfiOaeo 
fn ^hsnge ftom the new unite Into 0 Q 8 amts we must thire- 
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CHAPTER XXII. 


ELECTRIC OSCILLATIOSrS, ELECTROilAGrlTEnC 
WAVES. AND WIRELESS TELEGRAPHT 

302. Oscillatory Discharge. — When the plates of a 
charged condenser are connected hr a large resistance the 
discharge consists of a steady flow from one plate to the 
other, the charges thus neutralising and the potentials of 
the plains both becoming zero If, however, the resistance 
be below a certain value, the discharge consists, not of a 
steady flow, but of a number of rapid oscillations or suig- 
ingstoandfro: the first "rush "more than neutralises 
the opposite charge and charges the condenser in the 
opposite direction , this u followed by a rererse rush which 
again “overshoots the mark" and ’charges the condenser 
in the same way as it was originally, and so on Each 
successive oscillation is weaker than the preceding; thus, 
after a number of such suigings the discharge is complete 
and the potentials of the plates equalised At each oscil- 
lation the electrostatic energy of the condenser field is con- 
verted into electromagnetic energy accompanied by the 
dissipation of a small quantity of eneigr as heat m. the 
conductor (and also by electric radiation ns explained 
below) These oscillations take place very rapidly, the 
trmB of each is the same, and this time is known as the 
period of the oscillations 

As the result of these transformations of eneigr it is 
evident that the portion of the medium involved pnnmnh 
in the tr ansfo rmations must undergo a definite periodic 
variation of state This variation of state is propicated 
with finite velodtT throughout the surrounding medium, 

3M 
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Bxerdses XX. 


SeoHcn 0, 

(1) Give Lorenx’s method of detenmmng the ohm in absolute 

measure, sod dennhe m detail the eppstaitia tequred fat the 
purpose 9 B Bone ) 

(2) Whatamesntby theexpiswton “the dimensions of aphysiol 
quantity”! 

Taking u your fundamental quantities time, length, end men, 
deduoetbe dmuanooi of energy end eleotrastatw potential. 

(B So.) 

(3) Desonbe moo methods by which the mute of ouxent end 
electromotive foroe may be found in the ekofmmegnehc eyi to m 

(BSo) 


(4) Aorardmg to the usnal definitions, the dimensions of ospeaty 
on the electromagnetM system are those of the romptooal of on ac- 
celeration, while on the dsatanetatie system they am simply a 
length Show how them remits ere obtained, and explain the 
apparent discrepancy. (BSo) 


(5) Deduce the dimensions m terms of those of mast, length, and 
fame, of quantity, potential diflhtenoe, end capomty, both m the 
eLeatrostatm and aLefemagnetlo systems Show that the ratio u 
expressed by same power ofa velocity, sod that to rednoe this ratio 
toe pure somber it a neoeaaiy to inolnde the dimunrin^. ofdj. 
eleotno oonstont and permeability. (BSo Hons ) 


(8) Define the terms magnetomob ve 
nlnotense of a msgnetao mromt And the 
quantities 


of these 
(BSo Hons) 

m Dmeribe & method for determining the relation between the 
electromagnetic and ewotrostatio system of mats, and s t a t e the 
dimensions of the several quantities involved m their measurements 

CD 8c, 

yhrtw relatione between the several absolute mute of 

tomasi? Ksaeuas 

efflmwOT ofa mten m whioh a ennent of one ampere a sent 
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dQjdi inti] respect to time vro got the initial result multiplied by a 
constant 

Thu at once suggests that 

Q = Q t sm u(, 
for 


dQ 

dt 


~ QqO cos at, 



&u* sin ut, 


t e 



This result agrees with tho one given above, the constant \[OT, 
being represented by w* 

Now tho expression Q = Q<\ * in at mdmtct that Q is n period 10 
quantity varying harmonically botween the limits Q„ ana - Qa< 
and the period ofit« variation is 2r/«, for at chtngoi from Ten value 
to 2r in that time and goes through its full ey do of values n it Inn 
theso limits Now this period 2 rfo is evidently tho period of ovcil 
lotion of tho disahargo, and smeo u 1 = i/OL tho ponod of oirilla 
lion u giren by 

t = IvJUL ( 1 ) 


and tho frequency (n), viz. 1 ft, is 


n = , 


1 


P> 


z*3ol 

If L bo m 0 G.B olcelromngnetio units and 0 in 0 O h electro 
stalio units, then, smeo tho latUr is equal to 0/(0 X JO' 0 ) electro 
magnctio units, 

„ _ 3 x 10 w 


304 Period of Oscillation Second Approximation - 
In llio pri ceding wo have nrgleottil the « neigyaiirtipatcd h) the 
Joule heating effect. If « o include this wo must flmnge tho eqni 

S * • .jj tit * o \.* m to , nf dikiifi^ittn ill 



PR and simplifying, 


L — dT dt V 
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that is, it iatha origin, of a set of electric or electro- 
atagnetio waves which travel outward tn aU direchon* 
into the medium with a definite finite velocity 
Fedderson in 1857 verified the oscillatory character of 
the spark from a Leyden jar by viewing it in a rapidly 
rotating mirror , the image consisted of a band with bright 
and dark spaces With a high resistance in the circuit 
the mage became simply a band, the bright and dark 
alternations being absent 


Period of Os dilation. First Approximation. — A 
first snproxunsbon to the tame of oxollabonm anyparbonlaroan 
is reeduj abtsmed if we consider a cue m which the dissipadon of 

iTtmwrp ■+. Mnb mmtlfifitrm n nanliinUv smell T.*fr_ nilmafaA* 



Sense, if the duupafcon o{ energy be negleated and Q and I denote 
theohargeand current at my uutmd, we hue 


i^+i LP = B, 


where Bw constant. 

K this u differentiated with respect to tuns we get 


Now 

Heaoe 


l f+"§- 

AT. 


1 s ^2-, and therefore ~~ 


‘(f) 


I M -a 

r# 


■ 4«-5 


‘(f) 

dt 

-0, 

0, 


it 


‘(f) 

Hi 




n» amdenUy means lhatQ u a quantity such that If we dif 
ferentute it with respeet to time to &tdQldt and then differentiate 
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305. Hertz’s Experiments — Heifcz investigated elec- 
tric oscillations and waves by means of apparatus m it Inch 
the oscillator or vibrator was a dumb-bell-shaped brass 
conductor The rod connecting A and J3 was cut so as to 
give a small gap at ab (Fig 474) between the two small 
brass balls a ana b The portion Aa was then connected 

to one pole of an induc- 
tion coil and Bb to the 
other pole as shown 
When the induction 
coil is worked Aa, say, 
is charged to a higher 
Fig 474 potential t.h».n JBb, then 

a spark passes at ab, and 
the path of this spaih on account of its comparatively low 
resistance practically connects Aa and Bb as one con- 
ductor, and the potential is equalised by very rapid dectnc 
oscillations in this conductor The cycle of changes that 
go on in the medium near thevibratoi during one complete 
vibration is that associated with the transformation of 
electrostatic to electromagnetic energy, the re-transforma- 
tion of electromagnetic to electrostatic energy, and, during 
these, a gradual dissipation of energy os heat This cycle 
of changes is transmitted out into the medium, and the 
sequence of states so transmitted constitutes the electnc 
waves When these waves pass a conductor they tend to 
reproduce the electncal conditions m it, that is, electrical 
oscillations are induced m the conductor and small sparks 
may be caused between conductors placed dose together 
Hertz took advantage of this to detect the waves One 
form of detector used by him was a piece of thick copper 
wire bent into a circle, but with a small air-gap between 
, the ends of the wire, the width of the gap could be ad- 
justed Aa the waves passed through this circuit small 
sparks were observed at the gap, and it was found that 
the sparks weie strongest when the dimensions of the 
detector were such that its penod of oscillation os on oscu- 
lotor was the same as that of the oscillator ongmatmg the 
waves. This is an example of the general principle of re- 
sonance, and a circuit showing electnc resonance is specially 
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The expression for Q for whioh this relation is true depend* upon 
whetherthe roots of the qnsdwtio equation 

L* + Bx+}j - 0 

are real or i m ag in ary. 

Owe 1. If the roots an imaginary, that u it ijy- > 2P, tin value 
of Qn given by 


whew 


_ Si 

Q = -Ae 


JP 


to nr 


By thu result Q n a pertodio tnnotua of the feme, its euooessfve 
BannninTdaoiaMweinigmyflBnfaioslprogrseaiaiMtiiiotsaaM 
in anthmetiaal p rog wm on, and, u storey the penod of oscillation 
» 

F mt! " - 'Jtt' 

- 01 


and tin fnquBuj u 


h*Jmrn? 


(2) 


When JB » 0 these evidently reduoe to tin simpler nrolte, 
< = irifEB, eta., given above 

Case 2. n the roots of the quadratio equatum are real, that is if 
then tin value for Q iriaoh satisfies tin above relation n 

oi 

Q-4» + 

vkBre a and £ M® the roots of the equation Stain this equation it 
06 teen that) as t increase* G never changes ngn, bni steadily 
deonuce, raehm zero yaltu only after an infant* tune, botbo- 
ownnig negligibly mull m a Tory snort 

It follows from tin* that the relation E? a ^ or fi = 

gives the lnmtiag value of 5 for osmllatonrdfflQharge If £ exceeds 
s the discharge Is continuous, if lass than tins it Is « m l- 

Hie above value of t is only a seoood approximation. The Ion of 
ttexgy by radiation and tin unc ertain ty ss to the value of & for 
the rapidly alternating discharge ourrtnt have not been considered. 


latoty. 
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pitch, using one parabolic minor J/(2'ig 176), fitted with a wbmtor, 
to originate the wavoi, and another M\ nlt,o fitted uith a iibrator, 
as a rceon or of tho refracted beam TIio beam of clcetno radiation 
from if vrae found to lie ref rooted m tho aomo naj as a beam of 



Pig 470 


light, tho directum of tho refraoted beam home readily detected by 
tho position of maximum spark notmty at tho wbrator attaohed 
toJT. 

Tlint tho beams consist of potoriscd waies maj bo sboirn by 
arranging tho refleotors (Fig ITS) first nith (ho focal linos parallel 
and then nith tho focal lines at Tight angles , m tho former ease tho 
doteotor responds, but it docs not do so m tlio latter case 


306. Laboratory Methods for the Production* 
Detection, and Investigation of Electromagnetic 
Waves. — For eiporunental work Home form of Hertz 
oscillator m frequently employed If A nnd B (Fig 474) 
bo circular plates of radius r cm the electrostatic capacity 
of each is 2r/r, and since the two are really in senes the 
total capacity is one half of this , hence, assuming this to 
be the whole capacity, wo have 0 = r/w e b units The 
i nductance L may be calculated from the relation L = 

2 1 ^log, ^ — 1^, where l is the total length of the two rods 
and d tho diameter, both in centimetres ; this determines £ 


mem units . , .. 

A form of oscillator due to Lodge consists of two small 
brass spheres 3 cm diamotei and 1 2 cm apart with a 
Krone 8 cm diameter fixed between them, the 'smaller 
spheres being connected to tho induction coil and therefore 
sparking across the diameter of the Iuger one, the wave 
length with this oscillator is about 1 85 cm 
Another type, also due to Lodge, consists of two spheres 
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effective m detecting elec trio waves By the proper adjust- 
ment of ind uc ta n ce and capacity it is possible to adjust 
the period of the detector within wide limits, and so tone 
it to resonance in any particular case Further, it was 
found that the gap in the detector must be parallel to the 
gap in the oscmator, for the wave is polarised 


(a) Dtlcrmnatwn of Want Length and Velocity - Bleotnc waves 
are found to pats through stonework, woodwork, and other similar 
wibstaaoesb ret write imexion atawidlof good ocndnotmg material 
Hama if a large metal sheet be sat up with its plans at right angles 
to the fane of propagation of the wave*, a stationary wave is pro- 
duced between the vibrator and the reflector The reflecting sur- 
face marks anode in the wave, and sneoesaive nodes or mternodea 
am at a distance apart equal to one-half the wave length. By 
means of a detector the positrons of the nodes and mtemodes an 
readily deteoted by iti quiescence or activity, and the wave length 
determined Hens adopted this method 
If t ho the wav a length, n the frequency calculated from the data 
of the oscillator, and r the relomty of transmission of the waves, 
then v any, so that vis determined. Herts found the value to be 
S x 10*® cm per second, that is fha velocity of transmission of 
electno waves is the same as that of light waves The medium in 
wfoehthaeleatne waves an propagated lathe ether 
Bantam and De la Eire have pointed oat that the interpretation 
of the above experiment is faulty unless the deteotor m syntonised 
with the oscilla tor, far the distanoehotwceu the nodes m foe omen* 
meat with Hertris apparatus depends men upon the penodof the 
detector than of the Mediator. 

(6) IBuUratmu of Rtftctm, Xtfradvm, etc — Direct experiment 
hnshown that electro waves can he ideated, ref»otw£ etc., in 
accordance with the «*m« 
laws that apply to light 
Herts used a metallic mir- 
ror of peraboho cross see. 
turn with a simple vibrator 
fixed at its focal line as 
shorn m Fig 476 The 
waves originated at the , 

vibrator an rs fleeted from \J 

the mirror in a direction _ 

parallel to the ass of the 475 

cross section, Hung abeam 

bcwa J* wceiwd « a similar minor 
fooossed at the focal lines and well 
rnuhed sparlaan produced in the vibrator fixed at the focus 
TO exhibit refraction Herta passed the beam through apnsm of 
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Fig 478. 


Fig 478 shows diagrammatacally, with- 
in the limits of the sketch, the range of 
the ether waves referred to 

307. Commercial Methods for the 
Production and Detection of Elec- 
tromagnetic Waves. Wireless Te- 
legraphy. — For the history of the de- 
velopment of wireless telegraphy from 
the initial experimental stages indicated 
above to its present position the student 
must refer to specialised works on the 
subject 

One form of transmitting circuit is 
shown in Fig 479. The condenser 0 
and spark gap 8 are in series with one 
winding of the transformer T, the other 
winding of the transformer being joined 
to a long vertical conductor A (known 
as the antenna or aenal) and to earth 
The contact E and therefore the in- 
ductance in senes with the aenal is 
adjusted until the aerial circuit and 
condenser circuit are syntonised, te 
until the period of osculation of the 
aenal circuit is equal to that of the 
condenser circuit The “charging” is 
effected from the secondary of the 
transformer T v the primary of which 
is connected to an alternator; this cir- 
cuit also includes an inductance h and 
a switch 8 V the latter being used to 
produce the required "longs” and 
" shorts ” of the Morse code At each 
discharge oscillations occur in the con- 
denser circuit; these induce oscillating 
electromotive forces and currents in the 
aerial circuit, and the two being synto- 
nised the aenal becomes a powerful 
source of radiation of electric waves At 
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■5 inch diameter sparkmg to, the mtenor of a, copper 
cylinder 2 inches long and 2 indies diameter, the wave 
length with tins oscillator is about 8 inches , . 

For the detection of the wares, a cohtm *e prmcq)!^ 
winch was discovered by lodge and utilised by Brandy, 
Marconi, and others may be used A ample forma « 
m Rg 477 Two brass, copper, or sdver discs d, d, eann 
soldered to the end of 

a copper woe w, are ® " 4 , r T 

fitted info the glass ■] J ff "*U v ' I 1“ 

tube gg, and a thin 

layer of filings rests Tig * • 

Jlghfly Tyfa roan th0 

U (hi coherer u plflood in thft circuit of ft battery 
and an deafens the contacts made by the filings 
between the discs may be so adinsted that the current 
TM ^ an ig will not be ifanis enough to ring the ball. it, 
Enra™r, wares from a distant vibrator fall upon, the 
coberer after (3»» adjustment is made, the contiuit at once 
becomes good «™t the bell m the mremt nogs. Tf & 
coherer is sli ghtly tapped the contact again fads and the 
anmuzament is m*ni ready to detent the in cide n c e of the 
waves In Maioam’s coherer the plugs d, d are of sdreor, 
the filings are a mixture of nickel and silver, and the >»afes 
is exhausted and sealed. In labaratcay work a statable 
galvanometer may take the place of the bell above 
Even from the facts go far mentioned the reader will be 
prepared for the statement that light and eleotromflgnefao 
waves are identac&l except as regards ware length and fre- 
quency, the latter conffisang of slower vibrations and much 
longer wares than those ofught The wave length of the 
viiwk tpeetnm ranges from *48p (violet) to 75p (red), 
where p is the symbol for one micron or 001 millimetre. 
In the ultra moist wares have been detected as short as 
*l/i possessing properties similar to light wares. In the 
infra red waves have tor some time hem known as long 
as 61 ip. Some distance beyond the infra red come the 
electromagnetic waves dealt with above, the shortest being 
about 8 mm (8000/t), whilst those used m wireless tele- 
graphy range fhm a tow hundred feet to tonr or fire miles. 
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passing , but owing to hysteresis the magnetised portion of 
the band is not opposite the poles, but is displaced m the 
direction of rotation. When an electric oscillation passes 

through 0, due to 
waves fiom the trans- 
mitting station, hys- 
teresis is wiped out 
and the magnetised 
portions of the iron 
bond are then oppo- 
site the poles Thu 
change in the posi- 
tion of the magnet- 
ised portions results 
m an induced current 
in the coil B and the 
telephone is affected. 
The aerial cirouit is 
of course “ tuned ” to 
the arriving waves 
Fessenden’s thermal 
detector consists of a 
platinum wire m a vacuum tube When an oscillatoiy 
current passes through the wire its resistance is increased, 
and this change in resistance is utilised, indirectly, to 
operate a telephone Other types ore m use 
Beatifying detectors, one type of which consists of a 
carborundum crystal between two brass plates, depend 
for their action on the fact that their conductivity is dif- 
ferent in different directions, so that an oscillatory current 
may be partially changed into a direct current by choking 
down the flow m one direction These are now extensn ely 
used m practice, and Fig 481 shows the arrangement of 
a receiving circuit fitted with such a detector 
The aerial circuit is adjusted to syntony with the arm- 
ing waves The other coil of the transformer Tnnd tlio 
condenser form on oscillatory circuit syntonised to the 
aerial cucuit The detector D in senes with a second con- 
denser Of is m parallel with O t and the connections to the 
telephone < are as indicated. The waves arming at the 
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the reoe lying station, the -wares encounter a similar aerial 
and prodnoe eleatno oscillations m it. 

In place of the shnpls spark gap 8 a rotary spaxfc gap 
is often employed, A wheal carrying a number of project- 
ing stnds u rotated between two fixed studs m the con- 
denser circuit and arrangements are such that the fixed 



andmoTmg atoda come opposite each other at the 
when the condenser is fully charged, i a. just when the 
spark u required 

The coherer as a detector has been replaced by others 
more saleable for the purpose and known as 
thermal, and rectifying detectors The 
Mareonfft magnetic detector will be gathered from Ka 480 
ItcoMiirteofanmn wire bond I which passes orotwo 
pulleys P, P and is rotated by clockwork In o n e part of 
ita journey it passes through a coil 0 which ib either 
dnecfly or mductmly coupled to tiw aerial, a second coil 
D is connected to a telephone Magnets 2f, If are placed 
es in d i ca t ed, so that toe hand 
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therefore maintained at a positive potential, the electrons 
are attracted towards it This movement of electrons 
from filament to plate constitutes an electno current from 
plate to filament, and the measuring instrument A mil he 
deflected If the cell connections be reversed, however, 
the current stops. If an oscillatory current he used 
instead of the cell 0, current will flow when the upper 
terminal is positive but not when the upper terminal 
becomes negative Thus we may say that the lamp or 
valve possesses unilateral conductivity similar to the 
crystal dealt with above, and this indicates its use as a 
detector Note particularly that in order to get a current 
through A the positive pole of the battery must be joined to 
the plate : this current is referred to as the plate current 
The modem valve 
used in " wireless ” and 
known as the triode 
consists of a tungsten 
filamentandaplatewith 
a wire grid between 
them, the three being 
quite separate from each 
other Imagine that 
the plate and filament 
are joined to a battery 
(fiom 50 to 100 volts 
m practice) as in Fig 
481a so that elections 
are passing from fila- 
ment to plate and there* 

fare a olate current is " -s' o e 10 , 

ftaSg'ta.gh tta W 

valve from plate to ® p A « 

filament Imagine now that a gna between P and* 
acquires from some outside source a negative potenhaU 
ItwiU repel the electrons coming from the filament and 

Sop many * ^em & om **$*8 ft£! n 0 

olate current will decrease and so will the deflection « 
S insSenH (Fig 481a) If the potential of the 
grid becomes positive it will attract the electrons an ( 
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aerial sab up oscillations m it which indnce oaealtations 
m tlw condenser circuit Hus tends to cause currents to 
flow to and fro through D into and out of Gj, hut owing 


A 


A 



Fig 481 


to thB property of B mentioned above current in one direc- 
tion only poises, bo that C^ia aharged Thu charge in one 
direchon, due to the arrival of a tram at 


oscillations, u given out to the telephone 
circuit as a single unidirectional current 
flow Many such detectors work better 
if they have a small current flowing 
through them , hence the insertion of 
the battery B Other types of crystals 
are m use 

Valvea ore now largely rued m wireless 
An early type of valve known as the diode 
u shown m Fig 481a It comnsts of 
a filament lamp fitted with an elec- 
trode P known as the plate or anode. When the filament 
u incandescent it emits (negative) electrons, so that if P 
is joined to the positive pole of the cell as shown and 



Fig 481a 
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carrying conductor " is the surface along which the ends 
of the tubes move, and the distinction between a con- 
ductor and an insulator is that the former is a su bstance 
along the surface of which the ends of the tubes can move, 
whilst the latter does not permit this Further, energy 
is really transferred from the medium to the circuit, and 
Poyntmg has shown that the paths along which the 
eneigy passes into the circuit are the intersections of the 
electrostatic and magnetic equipotentiol surfaces 
Let A and B (Fig 482) be two insulated parallel plates 
forming a condensei A is charged positively to a uniform 
surface density <r, and B negatively to a uniform surface 
density — «r There is at present only electrostatic force 
between the plates, and Faraday tubes stretch from plate 
to plate ; let D be their number per unit 
area Now let .4 and 2? be joined by a wire 
of high resistance At once the Faraday 
tubes joining A and B move towards the 
wire, their ends meeting in the wire, and 
besides this drifting there is a current 
down one plate and up the other Hence 
a magnetic field ib created, tea field ib 
created due to the motion of Faraday 
tubes This field is perpendicular to the 
direction of the tubes ana to the direction 
of their motion, ts perpendicular to the 
plane of the paper 

Let t equal the current per unit length of A and B 
measured perpendicular to the paper Then if JET is the 
magnetic field between A and B we have by Ampere’s 
Theorem E = 4sn 



If v is the velocity of the ends of the Faraday tubes we have 
» = or 

= Bv, • 

E = 4 vDv 

It is obvious that if the dneotion of motion is rnohned 
at an angle 9 to the length of the tubes, 

H = 4irDu sin $ 
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P is at a higher potential in practice) they continue their 
motion to the plate, tints the plate current mil increase 
There axe many other important points about tins which, 
however, cannot be treated here; tor the present we merely 
mtii the student to see m a general ana elementary way 
how the grid potential affects the plate current 

Fig 4815 really shows the effect of the end potential on 
the plate current, potentials to the left of 0 being negative 
Thus when the gnd has the negative potential OB it stops 
all the elections and the plate ourrent is zero. As the gnd 
potential rises to Eero the plate ourrent increases to the 
value OA, and as the gnd potential becomes more and 
more positive the plate current mes according to AODE 

Fig 481c shows the 
principle of one method of 
connecting up a tnode as 
a simple detector The 
high tension batteiy (as 
it is called) m the plate 
and telephone mremt is 
shown an the right and 
the (1 5 to 6 volt) filament 
battery is shown at the 
bottom of the figure The 
gnd circuit is as indicated 
and the student must note 
this carefully. The oscil- 
latory PD between the gnd and filament set up by the 
arriving waves causes a corresponding (but greater) variation 
tafle dind current flaming between plate and filament and 
fhr wujh the telephone* , thus the messages are received 
For further deteds the student should consult the author's 
Furel Conns in Wireless 

We most now leave tin “ experimental” and “ oommermal," and 
pan to the “theoreUnal” aspect of electromagnetic waves 

308. Ma gnetic Field due to fiu Motion of Paraday 
Tu bes.— The inferences, as nas been indicated in previous 
chapters, from the results of many experiments mid con. 
^derations go to show that the seat of electrical effects is 
m the medium The flow of an eleetno ourrent hae been 
shown to be the motion of Faraday tubes, the “ current- 
u. abd s. 
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310. Velocity of a Transverso Pnlso along a mov- 
ing Faraday Tube — Consider n Faraday tube bfcrotch- 
mg between two points P and Q It lias been shown that 
the tnbo boars a cousidcmblo rosemblanco to a stretched 
string m that it has tension in the direction of its length 
and possesses mass Suppose tho end P to be moved in a 
direction perpendicular to tho tube , ns tho latter possesses 
mass, a finite time will bo required for the parts near Q 
to fako up the now conditions consequent upon tho trans- 
verse motion of P, ic tho Iransvorso disturbance will be 
propagated along the tube with a definite velocity 
It is well known that the velocity of propagation of a 
transverse wave along a stretched string 



Pull in tho string 
Mass ol unit length ot string' 


but before we can apply this formula to find the velocity 
of a transverse displacement occurring in a Faraday tube 
wo must remember that, as the Faraday tube ib bounded 
by other tubes, tho problem is not exactly analogous to 
that of finding tho velocity of a Iransvorse wave in a 
stretched string 

In Arts 96 and 98 it is shown that tho tension (t e pull 

per unit nrea) in tho Faraday tube system = -= — , while 

osr 



the transverse pressure (te 
forco per unit area) on a tuba 

isnlso^ 

03T 

Now F = ^5, therefore 
tho tension and lateral pres- 
sure are each equal to 


per unit area at points where 
J ) ib the number of Faraday tubes per unit area taken 
perpendicular to tlieir length 

To find what tho tension would bo if there were no side 
pressures, lot us imagine a portion of the tube placed m 
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309. Energy ud Blass associated with Faraday 
Sabas. — Since there is a magnetic field between A and B 
there u also magnebo energy stoied between A and B 
Thu energy (Art 274) is given by the expression 

B = 



= Sbr/wW per unit volume 
= $ { 4 * 71 !)* }«* per unit volume, 


wlush may be written as }Afe*, i a the tubes may be 
supposed to drag up through the space between A and B 
something whose mass per unit volume is given by 

If = 4ir/iD* per unit volume 

As an analogy we may oaundar the hydrod ynamic s! 
cases of spheres and cylinders moving through i m i n ds 
With a moving sphere is associated a volume ofkquid 
equal to half the volume at the sphere, while with a 
oyhnder moving perpendicular to its length is ammmafaWl 
* volume of liquid equal to the volume of the cylinder. 
Therefore, regarding these tubes as cylinders moving 
through the aether in a direction perpendicular to their 
length, we can eay that As-pD* is the mass of the aether per 
unit volume earned up by the 23 tabes passing through 

unitaroa The mass of the bound aether per unit length 
of a single ta.be is therefore g i v en by 


Af t = 4nr/d) per unit length 

Clearly, if the direction of motion be at an ancle 0 to 
the length of the tube, ^ 


B — 2vfi]y'v l am? 0 per unit volume, 

Af, = 4v/iB am? 0 per unit length of a tube 


3S» pull m a Faraday tube is, by Art 98, equal to 
2vB/K,bo thatthepnU bears a constant ratio to the mass 
pm unit length Faraday tabes may, therefore, be re- 
^raed as stretched strings of variable tension and mass 
pe r un it length, the ratio between pull and mass per unit 
length being constant at all points along the tube' 
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expressions for the enorgy per unit volume of a stramed medium 
and the enorgy per nmt volume of an eleotno field In the 
first ease, if P be the sheas, t the Btrenn, and e the modulus of 
elaalmty, the energy of strain per unit volume of the medium is 
given by 

J P» or or lea* 

No w the energy per unit volume of an eleatno field is F^Kjir, 
and F la ira/K Hence, oombimng these two expressions, we may 
express the energy per unit volume os 

iFr or or * & <r». 

W It 

If now F be taken to represent the stress in the eleotnofield, and 
<r to represent the strain, then the three expressions just given 
correspond exactly with the three similar ones given higher up, and 
it will be seen that the eleotno elasticity is represented by 4 r/K 

Again, in the ease of a moss m moving with a velocity u, the 
kinetio energy u Amu 7 Now the energy per unit volume m a 
magnetic field is HtySr, and if we take the ease of the field inside 
an endless uniformly wonnd ooil of n turns per nmt length oanymg 
a current /, the valne of H is 4 ml, and the energy perumt volume 
iB 2r{nl) 7 n or J 4®>(n/)* How nl is the rate of displacement 
of eleotneity round unit length of the ooil and represents eleotnosl 
velooiby m the same way as <r represents eleotno strain or displsoe 
ment Hence, oompanng i 4tt plnl) 7 with %tmP, the quantity 4 try 
evidently corresponds to m and measures the eleotno mass or 
inertia per unit volume That is, 4rp is the oleotno density of the 
medium 

The velocity of eleotno waves m a medium for whiah 4r/iT is tho 
eleotno elastieity, and 4rp the eleatno density, ib evidently given by 

312 Electromagnetic Waves generated by an Os- 
dilator. — We con now deal more exactly with tho waves 
generated by the oscillators of Arts 305 and 806. 

Fig 484 (a) depicts the Faraday tubes of the oscillator 
When the oscillator begins to discharge the ends of the 
tubes move along the rods, thuB constituting the olectrio 
current, and at the same time magnetic tubes appear as 
concentric circular curves with their centres on the rods as 
shown at M in Fig 484 (5) Owing to the “mass ” pro- 
party of the Faraday tubes previously dealt with, and the 
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aa envelope (Fig 488) and a negative pressure equal to 
applied to the whole of the contained aether This 
n qnfritlimw the lateral pressures and makes the tension 
along the tube equal to at points wheie there are D 


tubes per unit area, vs the pnU in a single tube = 

The velocity («) of the transverse disturbance is there- 
fore given by 

„ i&m_ i 
v -\h^u-V^ 


The above formula for the velocity of a transverse dis- 
placement also holds for the oase of a tube moving at any 
angle l to its length , for though the bound mass per unit 
length of snob a tube is 4m iD sin’ 0, yet in a transverse 

S lament a portion of the tube is moving at right 
to its length, and therefore the bound, mass of aether 
for such a portion is equal to 4erp.J) 

The next step u to determine the value of 1 /i//dT for 
some medium. Bay air Th is has been done by the methods 
outlined in Chapter XXI , and v has been found to be 
8 x 10* cm per second, the velocity of light, thus ike 
disturbance travels along ike Faraday tube mtk ike velocity 
of light 


Twenty years alter Maxwell had pubhahed his views se to the 
velocity ofpropagatew ot eleotnoal disturbances came the experi- 
ment* of Bette wmoh confirmed his deductions The ssqneooe of 
states dee to the transverse vibrations of the ends of toe to bf 
attached to toe aamUator is propagated with toe velocity v deduced 
above Herts es «v?mentelly determined toe velocity of pnmtn- 
tum and found it to be 9 x 10* em. per sewed 


311 Bleotno Elasticity and Density of the Aether.— An 
alternates investigation of the value of v may be given The 
velocity of wav e tra nsmission in any medium is e x p re sse d by the 
relation v => a/1 tJS, where e u toe modolna of ekstidty to toe 
medium end d the density. 

In order to find the values of e end i, which determine toe 
velocity of tr anstm a m cm of eteotno waves* we may compare toe 
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also is the magnetic force due to the motion, the magnetic 
force being, as already mentioned, at nght angles to the 
direction of the electric strain and the motion. 

Instead of saying that the loops travel outwards, it 
■would be more exact to say that a loop "dies” at one 
place and in “re-created” at 
another Each tube shrinks, in 
so doing creating magnetic tubes, 
the rise and fall of which re- 
create loops of electnc strain, and 
so on, hence the effect is equiva- 
lent to a progression through 
space of two sets of strain, electnc 
Fig 485 and magnetic, which constitute 

the electromagnetic wave 

In the case of wireless telegraphy, since the lower end 
of the radiating aerial is earthed, the loops take the form 
shown in Fig 485. 

Consider now the two loops of Fig 485 (a) in winch XT 
is normal to the oscillator at its mid-point At points 
such as F the magnetic force and the electnc displacement 
or strain have their greatest values, at Q they are zero, at 
22 they are again greatest but in the opposite direction to 
P, at S they are again zero and so on Bemembenng that 
the magnetic force is at right angles to the electnc force 
and the motion. Fig 485 (5) shows how the three victora 
are related and depicts graphically the electromagnetic 



wave 

A brief exp lanat ion of the production of stationary waves 
by of a metallic reflector referred to in Hertz’s 

expe rimen ts may now bB given. Considering the parte of 
tho loops in the equatorial plane of the oscillator the tubes 
at A, B, and C (Fig 485e) are positions of greatest 
electric displacement B being in the opposite direction to 
A and 0 When C meets the reflector a tube 2? with 
reversed displacement sets off in the opposite direction. 
At the reflector 0 and D cancel each other and a « node 
is formed there If t be the period of the oscilktor then 
in time 2/4 seconds D will have moved back to X, a distance 
of a quarter wave length and B will have moved forwardto 
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rapidity of ike oscillations, the tabes do not approach the 
nos as quietly as their opposite ends more along them, 
hence they take op the form shown m Fig 484(c) At a 
later stage the ends of the tubes will have " crossed over” 
as indicated m Fig 484 (i), and a dosed loop will be 



Tig 484. 


thrown off as shown m Fig 484(e) The next "suiging’’ 
wiH gne rise to another set of dosed lows (Shg 484 Cn>, 

and so on It is this detachment of loops which constitutes 
electric radi ation , the loops travelling outwards with the 
velocity. l//£pi~ R will be noted that the direction of 
tie electric strain is opposite in successive loops, and so 
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have determined the velooity of propagation of the waves along 
wires and have found it to equal that of light. Leoher’s arrange- 
ment is shown m Fig 48S The two metal plates AS are fixed 

opposite and parallel to the 
plates of the oscillator , the 
parallel wires OX and DT 
ore arranged as indicated 
When the osoillatar is m 
action stationary osoiUa 
bona are set npm the wires, 
the ends of the wires being 
points of greatest venation 
Fig 488 of potential. The nodes 

and antinodes are found by 
plaoing a neon tube (a " vaouura ” tube containing neon) aoross the 
wires it glows at the antinodes, but does not do so at the nodes 
In this way the wave length is found, and knowing the frequency 
the velocity is determined If a metallio connection BF be put 
aoross the wires the variations at XT are greatest when EF is 
at a node 



Blondlot used two aylindnoal condensers, the inner coatings 
being tmfoil connected to the spark gap S (Fig 487), the outer 
coatings of each consisting at two rings of 
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X through a distance of a quarter wave length, and as the 
eleotno auplacements sn m the same direction D sod B 
help each otter at 
X sad an “aati- 
node” is formed 
there (Fig 485d) 

In another quar- 
ter period A mores f 
forward a quarter ' 
wave length to T, 
and JD mores back 


illlotor 

Kg 486 (a) and (b) 




* tor r 
and as D and A 

have opposite elec- 
tric displacements a “node” is formed there and bo on 
The distance between two consecutive nodes (or antmodes) 
is half a wave length (W2) hence knowing the frequency 
(«) the velocity is found, ns v — ny 


Reflootor 



(«} Pig 485(e) and (d). 


813 looker's Wires, Blondlot's Experiment, «a Plea* 
lag's Cymometer.— lodge, Herts, Sanaa, Lecher, end others 
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inside Die trough and moied about as bcfotu until tbo distanco 
between two nodes is again found Tims 7, the ware length in the 
liquid corresponding to y,, the wa\e length in air is found 

Now if K| = volooiLy of cleatno waios in air and V, their volooity 
in the liquid then VjV 2 measures the index of refraotion p But 
V\ *» «y, and V t » ny t so that p *» yi/y t Again on Dio eloolro 
magnotio theory the dielcetno constant K is equal to p\ (See next 
section ) Heneo — 

*-(sr- 

thus K la determined 

314. The Electromagnetic Theory of light. Tho 
delation between the Index of Bofraotion and 
Specific Inductive Capacity. Fresnel and DXacCul- 
lagh's Vibrations. — Tiia foots alieady dealt with m tins 
chapter suppoit tlio theory put forward by Main ell that 
light waves am electromagnetic In addition to tho 
identity of velocity and various laws, botb aro propagated 
through a vacuum and both thereforo require an “ aolher ” , 
tbo " electrical ” aotlior and lira "optical” aether aro 
identical 

Again, if ii, and « s are tho velocities of electric waves in 
two media, then 



Now for all transparent media /*, and p t aro practically 
equal and v,/v, = p, tho index of rorraction from tho fust 
medium into tbo second Hence for transparent media 
we have 



If tbo first medium >b air, for which K, = 1, then 
p s K v 

That is, tbo specific inductive capacity of any medium 
(relative to air as unity) is equal to the square of tlm index 
of refraction of that medium Tbo indox of refi action lioro 
Involved is the index of refraction for oleef no waves of long 
wave length. If wo tafco the optical index of rofroefion, 
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the ooaneotioo K, the Utter, of course, monng along the solenoid 
ae the enter coating motes along the vulcanite cylinder Tho 
“ capacity” and “Sdnoteace" can therefore be varied by this 



sliding device, irtabh is anereted by the handle H. If then 
Mediations occur in a neighbouring circuit, oaettUtiomoiUbe set 
up m the aymometer, end the affect will he a maximum (indicated 
ly a neon tabs attached to tho oondenaer coatings) when the period 
of the oyinometer irjZdiM identical with that of the oemllatiazii 
The apparatus u adjusted for this maximum effect and the frequency 
calculated ham the matron of the slider pointer on the scale and 
the knoiro constant of the instrument 
The cymometer may be need for the determination of capacity, 
specific mdncbve capacity, and inductance by osmilatians. Thus 
imagine a burnt inductance and an unknown capaorty m senes with 
a spark gap OsalUtrona can be set up in the aroint ami the 
frequency n measured by the cymometer Since n ■■ 1/Sr«/Z^and 
L and n are known, 0 is determined 
Dnula made use of the wave* along a pant of parallel wine to 
determine the ipemfio inductive capacity of a liqv.' and the pna- 
eipto of the method will be understood from Jig 486 Suppose the 
wire bridge JJF to be eta node and a second win bridge, say OB', to 
be moved along the wires to the left until it oeeupua the pontoon of 
the next node (a vaounm tube across the wires will indicate when 
OS reaches this position] The distance between the two bridges 
is 4 ti so that the wave length 71 m air is frond. A trough con- 
taining the liquid is now dud over the wires (the Utter passing 
through holes in the ends) until the near end of the trough occupies 
the position of OS A thud bridge is now placed across the wires 
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SET A — By Gauss's theorem the total normal induction [eleetne 
or maffnclic) over a dosed cut face diction in a field (dectne or mag 
twite) i s 4 t tunes the torn charge (electric or magnetic) inside 
(Arts 376, 89). 

Consider now the little 
2 TV parallelepiped drawn in 

s' ^1 the field (Fig 488a), its 

_ Q(j (s sides bomg parallel to the 

H» i 2 1 three oo-ordinato axes x, 

M dz jtL W P.s. Let PRsdx,PQ*> 

N d[y 7 dr, UP = dy Lot £ the 

I I p k jrc i, elootrio intensity at P be 

' n K resolved into raotangular 

S MM parallel to the axes *, y,s 

/// respectively 

-/// Now the intensity at P 

sf E,H» ^ the x direction is E x 

f * * and at B it is 

4880 Ex + d Jkdx, for 4^ 

(m dx 

denotes the rate of change in this direotion and dx is the distances 
The area of each of the faces PQTU and B8V IT is dy dr. Ilcnco 
if A be the dieleotna constant — 

Normal Indnobon over PQTU *= KE x dy ds 
Normal Induction over RSVW s* K (e x -f- * 

and sinoo the first is inwards and the second ontwards, tho total 
normal induction for theso two faces is — 

K (e x + gftte ) iy dx- KE x dy. dz = K ^dx dy dr. 

Similarly it can be shown that the normal mduotion for tho two 
faces PQSR and TUtFVve K—tdx dy dr, and for tho remaining 

two faces PUWR and QTV8 it is A~~?r dy ds Adding tlieso 
we get the total normal mdnotion for the wholo closed surface, i e. 
Total Normal induotion ■=» K ^—5 + dr dy ds. 

Again, if a ho the \olumo density of the ohargo tho total charge 
inside is pdx.dy dt. Heneo b; Gauss’s theorem — 

d* dy ds » 4-rfdx dy ds. 
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however, we obtain the following, m the last two cases 
the discrepancy is very marked 

E 


Air 

1000590 

1000588 

Hydrogen 

1000264 

1000276 

Benzol 

221 

220 

paraffin 

229 

2 02 

Petroleum oil 

207 

207 

Carbon bisulphide 

267 

267 

Flint glass 

1012 

292 

Water 

80-90 

178 

The agreement becomes nearer when p 

is measured for 


the slowest light vibrations and K for the most rapid 
electrical vibrations In the case of water recent experi- 
ments with electric waves give />* = 81, which is in agree- 
ment 


In the case of polarised light Fresnel's theory u that 
the vibrations are perpendicular to the plane of polarisa- 
tion, and MaoOulkgh*a theory is that the vibrations are 
in the plane of polarisation We have seen that in an 
electromagnetic wave we have both electric and ms gnufcm 
forces at right angles Theory shows the magnetic in- 
tensify is in the plana of polarisation, the electric inten- 
sify being perpendicular to that plane These are both 
vibrating quantities, so that the former corresponds to 
MscOamgh's and the latter to Fresnel’s vibration 
The energy is of course partly electno and partly mag- 
netic; the former at any point is ZvIPjK and the latter 
pEP/S* per unit volume But pJPRte = a f4rD»)*/8r = 
ZrpJJV = 2sy JJPfKp. = 2 vlfiJE The energy is there- 

fore half electric and half magnetic 


Further details are dealt with in Chapter XXV. 

hi tbs preceding seotaons tbs theory of electromagnetic waves 
hssheea dealt with mainly from the -point of view of Tanday 
tabes • we most now pass to a more purely mathem&tioel treatment 


314a. Equations of a Field of Eleotnc aad SE&sniefae 
»moes referred to Beotoagntar Co-ordinates— Sc four 
seta of equation* of the electromagnetic field shoot to be 
follow direotly from important laws dealt with m prenoos (hapten. 
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ba similarly dealt with by taking little areas parallel to as and asy , 
hence we have our second set of equations — 


dE, _ dS„ _ , r 

dy ~dT ~ 4 / * 


dS x _ dS, 
dz dx 


= Mi l 


dBm 

dx 



(2) 


SET 0 — In Art 239 it is proved that the induced B M F is 
equal to the rate of change of the number of unit tubes of induction 
threading a circuit, l e that e — - dFjdt No w consider again 
Fig 4886 The induction through the area ib pEjiydz where p is 

the permeability, so that e <=■ - dFjdt « - p^Si, dy dz Farther, 

at 


E, is theintensity (eleotno) along UP, and therefore B f + u 

0£L 

the intensity along TQ Similarly B, is the intensity along UT and 

E, + —dy the mine along PQ Now intensity is defined as 
dy 

numerically equal to the force on nmt quantity, so that intensity 
multiplied by distance will give the work in moving nmt quantity, 
i e it will measure the E 111 , thus for the E M F round PUTQ 
we have — 

Eydy - E/2z - (e m + dy+(s, + 


%e 




and equating this to - p-Esdydz obtained above we get — 

dE, ^ _ dflg 

dy dz * dt 


Dealing similarly with a little area parallel to the plane xy and 
another parallel to as, we obtain similar expressions and complete 
our third set of equations, viz. — 


dE, _dE l dE, ' 

dy dz dt 

dE , dE, „ dE, 

IT" ST" m_ 3T 

dEj _dEx = _ p dE, 

; • dy dt , 


(3) 
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By a nailer treatment, if S' be tins me gnetio field at P, and B m 
E, H, the three rtctangidar componenta, we get — 
iff* , dH, , dH, 4ri 

■s- + ir + T - t 


If p end ! ut eero the expronoo on tie left a, m i 
CoUeotang, we get oat firm let of eqnataane ■— 


-ZT +: ? + T , 

BM B— In Art 17! it u shown 
that On vmi dm m oarryag a uml 

pole round a current u 4r tames ftl 

etmgihqflkaenal Howconnder 
k wy aaU area PQTU parallel to 
ttaephmenlFig 4886) rad let TQ = 
t(p and = it Let 7, be the com- 
ponent m the x directum at the 
current density eo that the total 
oraient through PQTU jn the date- 
tarn ii I A/ ib II E, be the field 
intensity along UP, the table eloag 

TQ will be E, + *jjr it (pee abort) i 


^=i£?= Oil JiBiero 


case, zero 


n 


#* 


ng -m 


similarly, if ft be the rein along UP, the nine along PQ mil 
beHj + ^dv How — 

Work done on mut pole going along P(7 m E,iy 

Work don* on unit pole gamg along Ufm - KJx 

Work (few on mat pole going along a - ^ + ^dtjdp 

Work done oaumt pole going along QP - (3,+^iyjii 
Total work done on unit pole m gomg round the path 

JT7 )it it 


Bqnetang tine to *r tames the current, nt4r7,i^r. (bare get- 

The current components I f sad I, a the y and t direotama 
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oa adding and subtracting d EJdz' on tho ngbt hand side 
Hcnco 


K ( £!h = <£!?' + 

1 dP ( Ir + 


d?E, d'E, 
dy dr 


d /(IE, 

dx\ (lx 


+ if- + m 

dy d: J 


But from the first equation of Sot 1 tho last term in 
brackets is 7cro, hcnco — 


(PE, . (PE, 
(13 s 'dip 



~ A> 


(PE, 
dl 1 


Clearly then E, satisfies tho differential equation — 

&0.d s 6 d ! 0_ 1 (TO 

d3?’ t ~d^ + 7^--^Sr- t 


which, m works on higher mathematics, is shown to bo a 
general equation of wave motion, the velocity being c In this 
caso e is evidently 1 /*/Ky In tho ahoie wo started with 
tho first equation of Sot 4, but Bimilnrlj ail tho other com- 
ponents of electric and magnetic forco can bo shown to 
satisfy tho samo equation Thus electromagnetic 
actions aro pro pagated through tho aether with 
velocity l/V'JTg, which is, for example, equal to the 
ratio of the electrostatic to the electromagnetic unit 
charge, and which haB been found equal to the 
velocity of light hy various experiments. The follow- 
ing simplo case will fix ideas, lend definiteness to them, 
and bring out again tha facts already proved m dealing 
with electromagnetic waves from the conception of Faraday 
tubes (Arte 808-812). 


314c. A Simpler Case of Wave Station — The 
facts dealt with in preceding pages will be emphasised by 
the consideration of a plane wave, ten ware in which 
tho intensity is the same over the whole plane at any 
instant We will take tho plane ye as tho plane of tho 
wave (the latter to travel to the right ra tho * direction) 
Hence, since tho differential coefficient of a constant is 
zero, tho differential coeflicients with respect to y and s are 
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SET D— In Art. 88 it lb shown that (AejMfaruofton or digi&u*- 
mart crt any yoint in a medium u meatmd 6y <Ae density pm a 
ttadmtmg surface placed at that point and by Ike number D ta 
Faraday tubes per wot area at tie potnl Now Maxwell’* so called 
“ displacement correct” u measured by the rate of change of the 

eleotncal polarisation or displacement m symbols / - £i? 

Further, D is equal to KEjiT (Art 88), so that I Nov 
applying tins to our I end B co m p onen t s ve get — 

T K dS x j- _ £ dS, t -K dS, 
r * C« ' /j TtH' 


and anhatatatmg these Tabes in 
eqnatacn*, ns. *~ 


we get out fourth set of 


&B, 

~W~ 

dS t dS,_ r 

a* K 




J 


M 


314b Wave Motion — Taking the first equation m 
Set 4, to — 

ir^t iff* iff* 

w got on differentiating — 

v*PB* _ i /dff/\ i /dff.\ 

^-aHirJ-dfbrv 

Substitute from (8) the values of and dff, 'df, and 

to get*— 

J SN 1 _£ f 1/ iff, , d&\ 7 

if- dy ( la ‘ dy J ) A I /»\ <b + ”3cJ j 

f» l tfo.dy 3jp ' 3F ISS J 


M AMIS 


(PB, . (WB, , <SB 

dj* ds* " <S? 


d*dy dstdx do* 

60 
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From (c) and (d) by differentiating (c) with respect to 
as, and (d) with respect to t we get — 

(PE* d l E, , „d?E &E 
= -t—' and if— 1 = ajx * 
dxdt dar dP dx dt 


... (*) 


d?E, _ _1 dVB, 
dP Eft, da? 

Again fiom (c) and (d) by differentiating (e) with 
respect to t, and (d) with lespect to as we get — 


«***&,*& 
dl‘ dx dt dx dt da? 

d?E,_ 1 d?E, 

dP 


Kp. da? W 

Eemembenng that the electrical intensity is m the t 
direction, viz E„ and the magnetic intensity in the y 
direction, viz E# we will thioughout the remamder of this 
section wnte, for simpbeity, H for E r and E for E„ so that 
equations (e) and (/) become — 

d?E_ 1 d?E 

dP ~Kp~ds? ‘ ‘ * w 

d?H _ 1 d?E 

~dP ~ Epla? W 

Now these are the equations to plane waves parallel to 
Ox, the velocity a being 1/ (See Art 8146) The 

general solution to the first one is — 

E = a (as — et) + j8 (x -f- ct) 

where o and /3 are any functions and c = yVKp Further 
a (a — d) denotes a wave motion in the direction Ox and 
ft (x + et) one m the duecbon xO We will first consider 
the former m the duection Ox and will take the case of E 
(really, of course, E,) vaiyrng harmonically Let 


E = E a Bin j^(a — ct) 


so that when t = 0 we have — 
E = E„ sin 


(«) 


(») 


• « • 
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This is represented by the euive E in Fig 488c The 
student will note that Fig 488c is identical with Fig 485b 
which we deduced fiom the idea of Faiaday tubes In- 
cidentally, it is a matter of simple mathematics to show that 
the relation between the maximum values E 0 and E a is 
that = *SKE a 


314d. Reflection and the Production of Stationary 
Oscillations, — Consider now a plane wave such as the 
pieceding travelling, howevei, from right to left, le in the 
direction xO towaias the plane y t Fiom the pieceding 
its E equation is evidently — 

E as j? 0 sm ^ (x + ct) .. (g) 

and the corresponding expiesaion for H obtained as in- 
dicated above is in this case — 


2 rr t 


H~E 0 sm j(x + ct) 


<0 


Imagine now that the plane ye is a metal sheet con- 
stituting a perfect conductor and in which therefore the 
electno intensity must be sera The electnc intensity at 
the sheet, due to the incident wave travelling from right to 
left is obtained by putting i = Om (g), \ e it ib given 
by — 

2irct 


E — E t sin ; 


l 


and therefore for the intensity to he zero on equal and 
opposite intensity muBt be set up m tbe sheet, t e an 
intensity given by — 

E=-E 0 sm^. 

How this gives nse to a reflected wave travelling back 
from, left to right, and given by the equation — 

E = E 9 sm^{x-et) . (') 

for this latter evidently becomes at tbe sheet (* = 0) 
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The com 23 m Fig 488e represents this Tbemaxnnum 
value of E is S e Farther, if « be increased by an amount 
Iweget — 

JB s= B, an ~ (* + 1) sa Jf, em + 2ir) 

and the cum therefore begins to repeat hence I is the 
wave length and u represented by the distance 08 m Fig 
488e At P, s = Iji and snbetitating this in. (n) we get 
B as B 9 (to J*p m Fig 488c) At Q, x ss 1/2 and E is 
zero At B, z — 8i/4 and as-l, (rtz Br in Fig. 
488c) and so on 

An expression for S (really of couree S t ) correspondin g 
to the expression (m) for B, viz 

B = B, sm^Os-ef) 

is reacldy obtained from the relation already wrfnMmlind 
m (e) above, vix pjSi a* JgS. On working out the un pin 
difierenfaataon and integration we get — 

S- {x-e£) (o) 



Big 4S8& 

Similarly, corresponding to (»), Yia 
B as jB t sin a 


we get 


■ff sb — fljein y! x 


•»*• « *• 


(P) 
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obtained from (g) bj simple differentiation and integration 
as indicated in (he preceding Fection and is found to be — 

IT = — H 0 sin — (x — el) 

Consider now the resultant If due to both the incident • 
and reflected waves Evidently — 

If ss J/„ sin — (x + el) — H c sin ^ (x — d) 
l l 

o~ 

ss 22T 0 cos -1 x sin — d 
= fJ tin j cl 

where as before /3 = amplitude = 2Ej, cos - r 

Tho variation m /? is graphical!) represented m Fig 
438c At the reflecting sheet * *= 0 ana j8 is a maximum, 
nr 277*. At a, x sb b'4 and ft = 0 At b, a; =1/2 and ^ 
is again a maximum At c, x = 31/4 and P = 0 and so on 
The student should note carefull) the difference between 
the two cases Fig 48Sd and Fig 488c where E has its 
greatest variation JJ has its least, and where E has its 
least IT has its greatest 


314e Waves along’ Wires— How can bo dealt with by 
methods somen hat similar to those of the preceding sections With- 
out going into the mathematical details, the solution corresponding 
to a stationary wave m tho case of ua\oa along parallel wires 
(perfect conductors) mo) be appro vunatel) stated as — 

o_ 2r 

F = P COS y X COS yC ( 

o_ o_ 

7 = 0 sin y* sin yd 


F denoting "potential" and I "current ’’ 

Now in the case of u ires “free” at both ends it is oyident V 
must = 0 when x=*0 and when x » L whero Jr is the length ot the 
wires The equation above for / satisfies the first condition, * *■ 
1=0 when *W 0 Clear!) it will satisfy the second condition if 


2sr 

i = 2L for if l = 2L and x-L it follows that sin -y * 


0 and 
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jy- —J2, sm e the necessaiy value mentioned above 
foi the electric intensity to be zero m the sheet 


if? 



* (a) 

Figs 4SSd, 488e 


Consider now the resultant JB due to both the incident 
and reflected waves Evidently — 

E — £| sm ■— (s "I* at) "f* E| sm y (s *“ cf) 

= 2E, sin ^ a eosyet 
ss a cos y cl 


which represents a steady oscillation of amplitude a where 
a = 2B„ sm ji 

The vamtion in a is graphically represented m Fig 
488d At the reflecting surface ew 0, and a = 0 At 
a, * = 7/4 and a is a mnxnmrm, viz 2S, Ath,» = J/2and 
»»0 At tf, s=sZ and « = 0 and so on The student 
should note that tins Fig 4S8d is identical with Fig 485s 
deduced from the new of Faraday tabes 

Taming now to the question of E- the E equation for 
the undent ray (viz equation r) is — 


2 r 


E = E 0 Bin — (z + e£) 


the reflected my, t« corresponding to equation (*) u 
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(J) Show 
tor), and ' 


Section B 


hvwmvm M 

>w that tho discharge of a condenser is in general osoilJa- 
— •> >,"■"* ucsoribe one method by which tho period of the oscillations 
mAjlmmensiirod (BE Hons J 

(2) How has it been shown cxpenmontallj that the onrrent in 
discharging a condonser may be alternating in oharaotor » Explain 
shortly how this fact has been utilised Tor telegraphing through 
space without wires * (B K Hons) 


Bunge of Aether Waves 

The following table will be interesting tbo X rays and Gamma 
rajs ore dealt with in the next elmplor 


Wave 


8 . 

to 


Gamma rajs 


X rays 
Ultra violet 
'Violet 
Indigo 
Bluo 
Green 
Yellow 
Orange 
lltcd 
Infrared 


Laboratory clcotno waves 

l 

Short wirclo'S wavoB 
Broadcasting hand 
Long wireless waves 


Approximate Frequencies (per 
second) 


Hundreds of thousands of millions 
of millions 


1 


600 millions of millions 


400 millions of millions 


30 thousand millions 

i 

3,000,000 

1,000,000—600,000 
170,000 

4 - 

Longer "waves from an alternator m an alternating current 
power station 
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/■O Clearly also it will aatmfy the seoond condition if f = L, 
ImlL. etc Eras m thu caws the potable wave lengths of the 
Btotwnarj waves are f « 2L, L, fLeto Thegeneral formula for 
this u in tint that I u equal to %LfN where Jvu an integer 


FREE F«ES 



Kg 48V. Kg 488$. 

Taking the Feonataon, at* = 0 7 is a maximum Ati = £ 
(taking the cue of 2 — ZL) it it also a manmnni At x = J L, V 

u zero for cot co» £-0 

The venation of V and / for the oases when 2 «= 2L and l = L 
(is. the “ fundamental " end the *' first harmonic ”) are graphically 
shovin inFig 48V 

The case of the antenna nsed in Wireless Telegraphy may be 
'i dealt «ith tome* hat similarly The top end being free is a region 

of maxunmn venation for F and the bottom end bong earthed is a 
f node for F The first two paenUe oases are shown in Tig 488gr 


W'l-l-lV ■ • ElU’ 1 ^ 1 j 1 1 1* fc I'liy iH. ¥.i| tlijtin il - I'i»l •¥ ('j •M n li | l.'.l I 


Of oomee, m praoboe, wins are not ‘'perfect conductors” end 
i the capacity and mdnotanoe of wires become important when high 

j frequency onrreots are being dealt with thu there am several 

factors which render the more exact mathematics of waves along 
wins very oomph oated 


Exercises XXII. 

Seotloa JL 

(1) Develop e xpr csii OM for the frequency of the oscillations of a 
discharging condenser 

(j!) Write a short essay on "Wireless Telegraphy.” 


(3) Explain anyfacts you are acquainted with which Support the 
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it: £. Z 

)Wi| 


(3) Most of the glow on the kathode moves from it, and another 
dark space appears between this and the kathode, known os the 
Crookes dark space (Fig 489) 

(4) At lower pressures the Crookes dark space extends until it 
practically fills the tube and the glass becomes phosphorescent, the 

colour being yellowish green for 
soda glass It is in this condition 
that the tube is emitting aether 
pulses called X rays, end it will 
be seen presently that these are 
due to the bombardment of the 
walls, eto , by negatnely charged 
particles proceeding from the 
kathode, and known os kathode 
rays 

(5) At still lower pressures the 
current diminishes, and at suffi 
oiently high taouum no ament 
will pass 

The above phenomenon 
must be seen to be fully 
realised , Fig 490 (De lia 
Rue and Muller) mu, how- 
ever, further assist the read- 
er in grasping details 


-V. Sr 


316. Kathode Bays.— 
The kathode rays were dis- 
covered by Plucker in 1859, 
and the main properties may 
be briefly summarised as fol- 
lows — 


(1) The rays are shot out 
normally from the kathode, 
their direction being in no 
way connected with the posi- 

Fig 490 turn of the anode 

(2) They travel in straight 

lines and cast shadows of objects placed in their 
in Crookes’s experiment a hinged Maltese cross is pk 
opposite the kathode (Fig 491) and a shadow appears, aa 
shown, on the end of the tube If the cross he lowered 



CHAPTER XXm. 


THE PASSAGE OP ELEOTRIOTIT THBOTJGH A 
GAS 

815. Discharge at Low Pressure. — The phenomena 
of the eleetno discharge through gases at or&imxj pres- 
sure hare been dealt mth m Chapt:? IX Consider now 
the gas to he in a convenient tube provided with an 
electrode at each end, and. farther, let the electrodes be 
connected to the secondary of an induction coil and the 
tube to a ptiSnp, so that the tribe may be gradually 
exhausted The following summarises the wu^n results as 


(1) At pressures My low, wy of the order of a centimetre of 
mercury, the discharge is a tnminoos oolnmn stretching from the 
anode almost to the kathode , it is known as theyxwtae column 



as the Faraday dart tpau 


m 
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(8) The rays "ionise " a gas and make it a conductor 

Goldstein (1876) regarded kathode rays as waves in the 
aether, a view long upheld in Germany, but in England 
Varley (1871) ana Crookes (1876) contended that they 
were charged particles Becent work has confirmed the 
latter view , the rays consist of negatively charged particles 
of mass about 1/2000 that of a hydrogen atom moving 
with a velocity about 1/10 that of light and carrying a 
charge equal to the smallest quantity or " atom of elec- 
tricity ” (465 x 10 -, ° e s units) They are called "cor- 
puscles” by J J Thomson and “electrons ” by Johnstone 
Stoney Further, they are probably not "matter” as 
ordinarily understood but simply “electricity” (Art 338) 

The fact that the kathode rays are negatively charged 
was proved by J J Thomson as follows The apparatus 
(Fig 493) consists of a vacuum tube provided with two 
bulbs C is the kathode, and'some of the rays leaving it 



pass through the Blit 8 m a brass plug A, which is used 
as the anode, and strike the opposite wall of the larger 
bulb, giving a phosphorescent patch Attached to this 
bulb is a side tube containing an earthed cylinder if, and 
within that, but carefully insulated from it, another small 
cylinder connected by a wire passing through the end of 

ttie tube to an electroscope or electrometer 

The c ylind ers are out of the direct line of fire, and when 
the rays are undeviated the electrometer shows no increase 
of chaise A magnet is now brought up to the bulb ana 
the rays are deviated until-as shown by their phospho- 
rescence— they pass through the slit of if into the insulated 
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rotation u produced Rg 401 

in the case of the 

wheel fitted with vanes (Fig. 488), on which the rajs &H 
(4) The lays produce heat when they tall upon matter 
The motion m (8) is probably a radiometer affect caused 

by the heating of 
the surfaces on 
which the rays fell 
(5) They pro- 
dnoe phosphores- 
cence The colour 
produced on the 
Fig 462 walls of the tube 

when struck by 

these rays depends on the chemical nature of the glass 
Lead glass phosphoresces blue, soda glass yellowish green 
Phosphorescence is also produced in banum platino-cyamde 
and the rare earths (oerium, lanthanum, etc) Some 
bodies change odour, eg rock salt, which becomes violet, 
while m some cases chemical changes occur, though very 
likely this is partly due to the heating effect as weU as to 
the phosphorescence The kathode rays have a reducing 



(6} When the rays strike a solid obstacle the latter 
becomes a source of aether pubes known as Bontgen or 
Xraya, 

(7) The rays are deflected by a magnetic field, the 
direction of defectum hang that in which a stream of 
negatively charged particles would he deflected He de- 
flection, under like conditions, is independent of the 
gas in the tube before exhaustion and of the kathode 
material. 
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dce!ro>'alte Md —If the field is uniform and of strength X the 
force os each particle throughout its monon is Xe, and as before, if 
the field Is perpendicular to the initial direction of motion, ire get 

- = Xe, " 



wrere If is the radius of curvature of the path. The deflection in 
tins case is perpendicular to tae initial direction of propagation, 
and pi ihe di-eeitn of At eledro^alic fdd. 

(d) Care when WJiMd* a-e in action — If the electrostatic field 
is perpend-cakr to the magnetic field the sign of the difference of 
potential may be altered so that the separate deflections dne to the 
fields are m opposite directions. In till s case, if the strengths of 
the fields are so adjusted as not to deviate the stream of particles, 
•we must hare 

tsH = Xe, 



so that bv an experiment of this nature r can be found. If now 
e'ther of" the two foregoing experiments, (6) or (c), is performed 
the valse of dm mar be found 

If the particles hare different velocities, or there are different 
values of t)n, a dispersion effect will be observed in both the 
magnetic and electrostatic experiments. 


318. Determination of ejm and. t. for the Kathode 

Says, Thomson’s He - 
•P thocL — J, J. Thomson 
used the apparatus of 
Fig. 495 (C = kathode, 
A = anode). It was 
placed between the poles 
of a large magnet so that 
a uniform magnetic field 
could be established orer 
the space indicated hr 
the dotted oral area, ims 
field being perpendicular 
to the path of the tathode rajs from C, ue perpen- 
dicular to the plane of ihe paper. Before the mag- 
neto field is established the kathode rajs produce a 
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The value of e/m was found to he 7 7 X 10* electromag- 
netic 0 O’ S units per gramme, v was found to vary be- 
tween 2 2 X 10 5 and 8 6 x 10 9 cm per sec More recent 
results give e/m to be 1 772 x 10' e m units per gramme 
Simon and Kaufmann give tho value 1 86 x 10 ? em units 
or 5 6 x 10" e s units per gramme 

319 . Determination of c/m and v for the Kathode 
Bays. Another Thomson HEethod. — A second method 
due to J J Thomson is interesting and may be briefly 
dealt with it is however not so reliable and accurate as 
the method of tho preceding section 

The apparatus is similar to that of Fig. 493 The kath- 
ode rays from 0 pass through the slit in A and then by 
means of a magnet ore deflected so as to foil into the small 
insulated cylinder which is joined to the electiometer If 
N electrons enter the cylmdei in one second, Ne will be 
the charge given to the cylinder in one second, and this is 
therefore known fiom the known capacity of the system 
and the change of potential per second radicated by the 
electrometer Let Ne be denoted by Q 

Now the rays on enteimg the small cylinder fall upon 
one junction of a thermo-electric couple This thermo- 
electric cncmt includes a galvanometer from the indica- 
tions of which the nse in temperature of the junction m 
one second due to bombardment by the electrons can be 
determined Knowing the capacity for heat of the couple 
mid the use in temperature per second, the energy w im- 
parted to the junction in one second is known. 

Now if v be the velocity of the kathode particles the 
kinetic energy of each is and since N particles enter 
per second, tne energy imparted to the junction per second 
is ^Nmi? Thus %Nmtf = w, and since Ne = Q, J.0 
N = Q/e, we get 

i qOL v * = w 

e 

But from the known deflection by a known magnetic 
field 
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Turfwh of phosphorescence at a When the field u pat on 
m one direction the phosphorescent path mores to 1 and 
when the field u r e ver se d it mores to e The actual 
deflection of the rays due to the field is half he and from 
firm and the known horizontal distance Aa, the radius of 
enrratare B of the path of the rays can be determined as 
indicated in Art 817 



To determine v, J J Thomson used the apparatus of 
Pig 496 The kathode rays from 0 pass through small 
slits in the anode A and in the metal plug S and this 
narrow beam of rays produces phosphorescence at 8 A 
magnetic field uniform over the dotted oral area is then 
applied perpendicular to the plane of the paper and the 
phosphorescent patch mores to S' By means of the two 
horizontal plates shown m the figure on electrostatic field 
is than put on in the necessary direction and its strength 
adjusted until rt exactly neutralises the effect of the mag- 
netic field and file phosphorescent patch mores back to 8 
K X denotes the known intensity of the deetrostaiac field 


£T, then from Art 817 — 

s 

and v is therefore determined Turning now to the pre- 
ceding experiment (Pig 495) we hare from Art 817 — 
e _ v 
m JOT 

so dot knowing v, B, and 3 the ratio e/m is determined 
The talus of e/m was found to he independent qf the material 
of the lafhode and independent of the nature cf the gae tn 
He foie before exhaustion 


u AKD £ 


81 



400 THF PA88AGE OF ELECTRICITY THROUGH A GAS 


duo to the field Then l corresponds to AB and i to PC 
in Fig 494 From the relation AB } = 50(25 — BC) 
we havo (neglecting BC 3 for BO is small) R = P/2d His 
expression o m = v/RH of Art 817 becomes on sub- 
stitution for R and writing 7 for v — 


c _72£ 
m~ HP 


( 2 ) 


Substituting from (1) the value of 7, viz 7 = a/?-®? 

v m 


we get — 



All the factors on the right are known, hence «/«« 
determined As already mentioned his result is 5 6 x 10 
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Efabstatutaig this for mje m the above we got 


2m 

V -Tm’ 



The mean value obtained by thu method wu efm = 
1 8 x 10* electromagnetic C Q- S mots per gramme 
The values of v were of the order 9 4 to 8 2 x l(f cms per 
second Uncertainty in the measurement of Q and w 
renders the method less reliable than that of Ait 818 

319a. Kanfinann's Method of Determining e{m 
for the Kathode Beys. — In Kanfmann's apparatus the 
kathode K u an alaminnna plate (Pig 498c), and the 
anode A an earthed platinum wire The chamber 0 
behind the anode u arranged between two solenoids, the 
latter giving a uniform W S over practically the whole 
chamber G is a glaaB plate so prepared that it becomes 
fluorescent under the action of ue kathode rays from X. 
A shadow of the anode A u of coarse thrown man ff By 
means of an daotrometer the P D between K and A was 
measured Eaufmaan used a Wimsburst machine instead 
of an induction cmL The chamber 0 was screened from 
dectrostatic action. The experiment consists m starting 
the rays and noting the deflection <2 of the rays on G when 
the field S is established 

If F be the velocity of the electron m the kathode rays 
on reaehmg A and entering 0, v its velocity at X, and m 
its mass, then — 

where E ia the P D between A and K indicated by the 
electrometer and • u the charge Kaufmann a sunmnfl 
that v could be neglected m comparison with F and 
therefore — 

JmPaaBe . (l) 

Let Z be the distance the electron travels m the magneho 
field before reaching G and let d be the deflection an Q 
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0, T K. Wilson show cd ( hat condensation occun ed m dust- 
fjeo gas provided that a stream of kathode, Kontgen, or 
ultra-i lolot ra)s, or a stream of ra js from radio-active 
matter, a as allowed to pass through the gas These rajs 
ionise the gas, i c produce in it charged particles — some 
positive, some negative — called tons With a certain ex- 
pansion the condensation is on!} formed on the negative 
ions 1 , with a huger expansion condensation occnrs on 
both posilivo and negative ions In fact if the expansion 
exceeds 1 • 1 25 in volume, condensation takes place on the 
negative ion whilst if it exceeds 113 condensation occurs 
on both positive and nogatire ions When such small 
Bphcrcs fall in a gas thej soon take a steadj velocity due 
to the upward force of viscosity balancing the downward 
force of gravitation and Sir (3- G Stokes has Bhown 
that — 

2 pgjr 

* /* 


where v is the steady velocity of a sphere of radius a, 
deusitv p, falling m a medium of viscosity u 

J J Thomson in 1898 and H A 
Wilson in 1903 used this properly 
to find the charge on the negative 
ion and os a negative ion is really 
an electron loaded up by having 
attached to it one or more neutral 
atoms or molecules, the charge on 
the negative ion is, of course the 
electronic charge, the some, for 
example, as that on the kathode 
rays Wilson’s method is briefly 
Fig 497 as follows —The lower half of the 



• A negate o ion is an electron loaded up by having attached to 
it ono or more neutral atoms or molecules , at low pressures tne 
electron throw 8 off its attached neutral atoms or molecules ana 
its e/m value is then a« stated in Art 318 A positive wnw 
atom which has lost ono eleotron, either alone or loaded up W 
having attached to it ono or more neutral atoms or moleouies 
Tho charge earned by a negative ion is equal and opposite to tb 
ohargo carried by a positive inn 
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es mute per gramme In all this new work care must be 
taken not to “mix up ” the 11 unita " 

How m the case of a hydrogen ion in electrolysis it is 
known that efm is 96 x 10* electromagnetic OGS units 
per gramme, hence the mho of the mass of the hydrogen 
atom m electrolysis to the mass of the electron in the 
kathode rays is 

_ e/m for electron _ 186 x 10* _ 
e/m for hydrogen ion 96 X 10* * 

so that the mass of an electron is roughly 1/2000 of that 
of a hydrogen atom It is assumed that e is the same for 
the hydrogen ion and for the electron, this is shown later. 

Radio satire suhatsnees give cat penetrating rays which count 
of negatively charged aorpnsoles. end e/m for these u the same as 
for kathode rays Rontgen, kathode, Lenud, and Beoqnersl 
rays, aa will be seen later, all mum a ns by detuteM from the 
om atoms negative corpuscles, and e/m for then nofacd oocpnsoles 
a the same aa for kathode rays ultra- violet light liberates the 
same eorpiuelea from nno plates The Zeeman and other effects 
oan be explained by assuming vibrating negative oorpudhs m the 
atom with this same valne or s/oi Bendas having the same value 
of assail negative corpuscles, however produced, have the same 
value fore aid m, thee being the “atom of electnmty,” It will 
be seen later that the atoms of matter are looked upon aa ornismt- 
mg of systems of negative oorpusdes or elections ; this is the Cor- 
puscular or Bleotromo Theory of Matter 

We will now leave the electron of the kathode rays and 
pass on to an examination of this same election as it makes 
its appearance in other phenomena Other points about 
the vacuum tube of Ait 816, eg X-rays, etc, will be dealt 
with later 


320. Determination of e and m for the Electron. 
Condensation Experiments, — It is well known that if 
air saturated with water- vapour is subjected to a s udden 
(t « adiabatic) expansion condensation ocean and the s pac e 
is fiUed with a cloud Aitten and Kelvin have shown that 
the formation of smih a cloud is impossible unless aml» 
aie provided on which the water may «nid«n«6 ju 
nary air dust partules provide most of the nuclei, but 
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Now M = %tra?p whore a is the zadius of a diop and p 

(3ie density, and from Stokes’ formula a = . Sub- 

v % 

stituiuig we get •— _ 

fl = 9rV^M^i)A. 


and since X, 0 , and e, are known whilst p — 1 gnn per co 
g = 981 cm per sec per sec and p for am = 1 8 x 10~‘, 
the value of e is determined 

Another method is as follows Before the field is put 
on, the velocity of fall «, of file top of the cloud between 
0 and JD is noted and fiom Stokes' formula the radius a 
of the drop is determined From this the mass if is 
calculated The field is then put on but with C positive 
and D negative so that the field opposes the action of gravity 
and the former is adjusted until the two balance and the 
cloud ib stationary When tins condition is lealised we 
have 

Xe = Mg 



from which e is determined since M, g, and X are known 


The early condensation experiments of Thomson on the value 
of « were somewhat different from the above experiments of Wilson 
In Thomson’s experiments the lower port of a sphenoal glass vessel 
contained water and the vessel was olosed at the top by an 
aluminium plate Thu plato was exposed to X-rays and too aw 
m tho vessel ionised. A sudden expansion was produced, the cloud 
formed, its velocity of fall noted and the radius of eaah drop 
calcula ted from Stokes' formula The total quantity of condensed 
moisture was calculated from tho foil in temperature Knowing 
the radius, and therefore the volume, of each drop and the total 
quantity of vapour oondensed the number N of drops was found 
Now imagine that there are at a particular instant N negative 
ions in the space between tho surface of tho nater and the biuiuidibib 
plate Imagine the latter joined to an electrometer and the w ater 
surface suddenly oharged negatively bo as to dnve all the negative 
ions to the plate Tho oharge given to the plate would bo Nt and 
could he measured hy the eleotrometer Knowing Ns and A, 
would be determined This mtrdy indicates the 
method which however is not so aatiefaotwy as Wilsons method 
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vesBel AB (Fig 497) contains water so that the space 
above, for example the space between the horizontal plates 
Q and D, is saturated By means of the tube E the vessel 
AS communic ates with an expansion chamber and a 
manometer X-rays from the bulb on the left can be 
sent along the space between 0 and JD to ionise the gas 
there In the first place a few expansions are made in 
order to remora all dost particles, and the expansion 
apparatus is arranged so that, in the experiment to follow, 
the expansion will be such that condensation will only tala 
place on the negative ions Next the plates 0 and B are 
punted so that they are at the same potential and the 
X-rays are tamed on for a short tune to ionise the gas. 
Then the rays axe tamed off, the expansion produced thus 
forming a cloud, and the velocity v 1 with which the top of 
the dead between 0 and B settles down ib noted 0 is 
now connected to the negative and D to the positive pole 
of a battery so that the electric field hastens the fell ofthe 
cloud and the velocity «, with winch the top of the cloud 
now falls is noted From the data of the experi m ent and 
assuming that each drop has one electron for its nucleus, 
the value of a the electronic charge is readily determined 
Before the eleotnc field is pot on, the downward force 
on a particle is 

*9 

where if is its msss and g is the acceleration due to 
gravity. 

'Whon the field is pot on, the downward force on a 
particle is 

X« + Mg 

since the field X is m such a direction as to hasten the 
fall, hence 

Xs 4- ifg _ v, 

Ug t J 

Xe = iUhSLr.?t 
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If the experiment be m air at loir pressure these same corpuscles 
have all the features of the kathode ray particles and a similar tint 
value. We may therefore conclude from all these results that the 
charges earned by the kathode particle, the gaseous ion, and the 
hydrogen ion m electrolysis are the same, each being the “ atom of 
eleotaenty,” and further, that the electronic theory of matter must 
fairly -troll represent the facts 


320a. Determination, of e/m, e and m for the 
Electron. She Photo-electric Effect. — Hertz in 1887 
showed that when ultra-violet light fell on the negative 
terminal of a spark gap the passage of the spark was 
facilitated. Later, Hallwachs and others showed that 
negatively charged metals, particularly zinc and alu- 
minium, lost their charge when the ultra-violet rays fell 
on them, hut that positively charged metals did not This 
“photo-electric effect ” is due to the light detaching elec- 
trons from the surface, their repulsion by the negatively 
charged plate constituting the loss which experiment 
shows: if the plate is positive they are not repelled away 
from the plate and no loss is indicated The explanation 
of the detachment of the electrons is that the light sets 
the electrons of the metal into forced vibration until 


finally the amplitude becomes so great that an electron is 

eg ectedfrom the atom 
V ultra-violet light is 

yV It possibly moBt effective 

Jt' C i T fA \ l _ in this became its 

T '"Vb p| /\ ' penod is nearer to the 

V " ' vibration penod of the 

(-] electrons in the atoms 

«S ® J © of the metal. H the 

Pig 497 cl experiment be in air 

the ejected electrons 
may attach themselves to neutral atoms and molecules of 
the gas to form “ions”, if in a vacuum the ejected 
e lec trons resemble the electrons of the kathode stream. 

lenaxd’s method of carrying out the quantitative 
measurements on these electrons is as follows • Light w® 
a spark gap 8 (Fig 497a) passes through a plate of 
quartz Q into the tube T, which is very highly exhausted, 


h 
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and Mb upon an dumnumn plate A, the latte being 
maintained at a negative potential (about 600 Tbits). P u 
an earthed aluminium plate pronded with an aperture, 
whilst!? and 0 are electrodes which can be connected to 
an electrometer The electrons pass through the opening 
m P and fall upon!? A magnetic field u then establuhad 
perpendicular to the plane of the paper, the Add being 
uniform over the space between P and B, and produced 
by a current as in Kaufmann's experiment Two curves 
axe drawn giving the deflections at B and 0 for various 
currents m the magnetising coils the difference in the 
positions of the maxima. indicates the current to daflant 
the electrons from J9 to 0. Knowing this and the potential 
of A, and the dimensions, e}m can he calculated just as in 
Kaufmann’s determination of «/» for the kathode rajs 
Lenaxd’a result was s/m = 8 5 X 1(F 
electrostatic units per gramme, but 
later work gave s/m = 5 Id x HFea 
unite per gramme, which is m dose 
agreement with the value found for 
the kathode rays. The velocity « ia of 
the order 10* cm per second 

Another method dne to J J.Thomson 
u instructive Z (Fig 4976) is a unc 
plate negatively dunged and 
violet light ia falling on the face of 
it, which n towards the nght To 
simplify matters we will assume the 
experiment to he in a vacuum. If E At 
be tihe intensity at the surface, the foroe on an electron will 
“ Be towards the nght The electrons will be driven to 
the nght, bo that a parallel plate P placed as indinn^ 
receive them, and an electrometer joined to P will indicate 
their arrival 

Let now a magnetic Add be established in front of Z 
and perpendicular to the plane of the paper-say “into 
the paper The force on an electron due to this field will 
** fjwHwwdiand of magnitude Rev if She the 
magnetic field and v the velocity of the electron. Taking, 
the z and y axes as indicated wo have,- ■ 4 
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Velocity ot electron m x direction 


dx 

dt 


Velocity of electron m y direction = 
Acceleration parallel to Ox = 


dy 

dt 

d?x 

dF 


Accolomtion parallel to Oy 


_ 

dt‘ 


Again, if m bo tlio mass of an electron, the force on it 
parallel to Ox is m ~ But tbo force on it parallel to Ox 

is Ee due to the plate and Ha ~ due to the field. An ap- 
plication of the loft hand rule mil show that an electron 
(negative) moving dmanwardt has a force on it (due to the 
magnetic field) towards the left. Hence for the x direction 
wo hare — 





i >x 

Fig 487c 


Ee-miS = m~ 

dt m dP 


(1) 


Similarly, for the y direction, remembering 
that the plate does not exert a force in tbs 
direction, no get. — 


u dx 

2T‘S=” 


S 

dt 1 


(2) 


The solution to (1) and (2) is — 

* == S (1 '" COsW) 


where 6 = JTe/m 

Now imagine a circle of radius r rolling along the y ana 
The locus of a point A on the circumference is called & 
cycloid, (thick curve m Fig 497c). The equations are.— 

z = 1 (1 — COS a) 
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where a. =s «t tbs angular velocity being « It will be 
dear from the figure that the greatest value of x, 1.6 the 
greatest distance of J. from they axis as the rarderoIlB is 2r 
Comparing the above equations, it mil be clear that the 
path or the electron when the magneton field is on is a 
cycloid (see Fig 4975), is the deotron returns to the 
plate and that its maximu m distance from the plate, t e 
XT m Fig 4976 is given by — 


XF=[2r] = 2^ 


The plate P wiH receive electrons if there is no magnetic 
field, hut no eleabons mil reach it when, tins field is on. 
H P be placed at P 1 , it will receive electrons whether the 
magnetic field is on or not P is moved forward (right to 
left) untd die limiting position is found (XX), at which 
the magnetic field affects the rate at which. P is charged. 
Thus XT is found, and knowing E and S the ratio s/m is 
found The result obtained was 7 8 x 10* electromagnetic 
unite per gramme 

To determine a and m it is only necessary to repeat the 
Thomson and Wilson cloud experiment (Jut 820), mring, 
to produce the nuclei, not X-rays but a negatively charged 
smc plate cm which ultra-violet light is falling The 
ejected electrons form ions, as already mentioned, which 
constitute the nuclei As in. other cases e comes out to be 
the "atom of electricity," viz 1 55 x 10“*° e m mufti 

>/'< 320b. Determination, of e and ifde the Electron. 
Bifittia’s Balanced Oil Drops. — The aloud experi- 
ments of Art 820 have been modified by Millikan m order 
to avoid the assumption, that the drops are of one size and 
do not change m any way by evaporation He used oil 
drops instead of water drops, the drops passing in between 
the plates (say O and D of Fig 497) through a hole in the 
upper one, and by a suitable adjustment of the potential 
difference between the plates, and arranging that the 
electric field opposed the motion of the drops, a drop could 
be kept in view for Borne considerable time and its motion 
observed through a telescope provided with a graduated 
scale m the eye-piece 
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The calculations involved in his early experiments are 
those outlined in Art 820 To fix ideas, imagine the space 
to be ionised and a single oil drop of mass m and charge e 
(gathered by collision) to be under observation The 
downward force on the drop is mg and the upward force 
is Xe, where X is the intensity of the field If X be 
adjusted so that the drop is stationary 
Xe = mg = 

a being the radiuB and p the density of the drop 
How let the field be cut off and the velocity of fall (») 
of the drop be observed By Stokes’ formula v — 2pga t f9p 
(Art 820), hence 



Milhkan also vaued the procedure outlined above and 
worked to a higher degree of accuracy than has been in- 
dicated, correcting for buoyancy and using a modified form 
of Stokes' formula Theory indicates that in the case of a 
spheie moving with velocity v m a medium of viscosity p 
the force acting is best given by the expression/ = K/tva, 

j , P being the 

pressure and n a constant (a = 6 25/10°) Thus if v he 
the velocity of fell of the drop when nn opposing field X w 
on, V the velocity of fall when the field ib off, and d the 
density of air — 

J§ira*(p — d)g — Xe — Epva, 

J$rra ! (p — d)g =s KpVa, 
from which equations e is determined The expression 
|xa J (p — d)g is the term mg corrected for buoyancy 
For simplicity wb have assumed a drop to have the 
single charge e, but they frequently carry more than one 
of wiese “ natui al unit chai ges,” and the “ handing on or 


where a is the radius and K as 6 jt ^1 + 
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these charges from molecule of gas to diopof oil and ctee 
versa can be noted with the telescope Thus imagine a 
drop quite stationary, the elected and gravitational forces 
bolancmg, and suppose that a collision results m the drop 
taking up another electron ; the electric force trill then 
exceed the gravitational force and the drop mil more 
upwards Bmalarly, if the collision results m the drop 
lining an electron the electee fnoe will be lass and the 
drop will begin to M These effects are frequently 
observed 

Millikan's apparatus is shown m Fig 497<f, Bome of the 
smaller details being omitted 0 and D axe two pamlM 



Big iSJd 

lies find 16 mm apart By means of the switch 8 
plates can he charged to the P D. of a 10,000 volt 
battery, at they con be short circuited and the field 
DetwKsx them xectuced to xgxo Uta brass tobk&L B wu 
complete surrounded by a constant temperature bath of 
gas engine ml A is an atomiser through which the ml 
syay^is bl own i nto the vessel B The very minute drop, 
let* of ml fonuaijj the spray fall slowly, end occasionally 
one of them finds its -way ^through the pinho l e m the 


middle of the u, 
and D was stroni 


If © M* WMF 

date 0. The droplet in between 0 
[animated by light from an arc, the 
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rajs passing through a water cell W and a cupric chloride 
cell S, thence through the window Q The cells W and S 
are used for the purpose of absorbing the heat rajs The 
air about the droplet can be ionised if desired, or electrons 
discharged directly from the drop by means of X-rays as 
shown. Through a window (not shown) the droplet can 
be -viewed by a telescope Jfis a manometer to indicate the 
pressure Millikan's result is e = (4 774 + 005) x 10" w 
es unit 

We will now return to the vacuum tube of Art 315, and to 
the consideration of other phenomena connected therewith 

321. £enaxd Bays. — In 1824 Lenard made the piece 
of apparatus shown m Fig 498. The kathode K was of 
aluminium, and the anode a brass tube A lining the tube 
behind it The anode was earthed The end of the tube 



Fig 498 


was closed by an earthed metal plate, oat of which a central 
hole had been cut This hole was closed by a thin bit of 
aluminium foil F, ^ mm thick The tube was exhausted 
and a strong kathode stream obtained. The room was then 


m n iu¥7tt«*TM rTu* (Iwufcvf -V-KO n 


ing and bodies placed just beyond F phosphoresced The 
issuing rays were found to be deflectable, and by putting 
on another vacuum tube in the position indicated by the 
dotted lines Lenard showed, by methods similar to those 
described above for the rays inside the tube, that these rays 
were identi cally the same as kathode rays The rays before 
reaching the foil are called kathode rays, hut to these rays 
which have penetrated the foil the name Lenard Fays « 
usually given. 
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Fig 490 


332. Boatgen or S BayB. — Soon after the exhaustion 
of a vacuum tube reaches the point at which the dark space 
surrounding the kathode exends to the anode a marked 
change fakes place, and Bontgen found that a photographic 
plate lying near the apparatus was affected , he attributed 

the result to some 
unknown form of 
radiation mmafem 
from the tube, and 
to this he applied the 
term X rare B is 
now considered that 
the X rays are aether 
pulses which originate ata solid substance whoa it is strode 
by kathode rays An Xmytnbeu shown mlta. 499; the 
kathode on tie left a concave end a platinum plate (which 
may be the anode) u placed at the centre of curvature with 
its plane at an angle of 45° to the axis, the X rays an 
given off as indicated 

The mam points about these rayi may be briefly sum- 
mansed as follows ~ 

(1) The rajs exe not deflected by a magnetic or electee 
Ma 13ns differentiates them from kathode rays, they 
are probably not charged particles 

(2) They can penetrate a layer of air several feet thick 
and can past through maw solid substances The trans- 
parency of substances to X rays depends upon the density 
of the substances , thus lead » practically opaque to the 
rays, but a luminiu m is transparent Sow glass u tnma - 
peanut to them, but lead glass is opaque Flush is much 
mom fesnspariat to the rays than bones , hence their use 
m surgery to examine the banes, to detect fractures and 

etc (See - radiograph” facing page 414 ) 

(8) They excite fluorescence in many subef iaujeg, e’a. 
tammplatino-omaMe If therayB fall on a screen coated 
wwi tins and the hand be interposed, a shadow of the 
boiies appears on the screen, the fluorescence bong less 
bere than at other parts owing to the rays being more 
absorbed by the bones 

(4) The rays are not refracted Very little trace of 




58 



414 1HB PASSAGE OK BtEOTMOIW THROUGH A GA8 


tegular reflection has been noted Quite recently, and 
with difficulty, signs of polarisation have been detected 
Sharp shadows due to them indicate rectilineal propaga 
tion, and investigations seem to indicate a velocity equal to 
that of light 

(5) They ionise a gas through which they pass 

(6) When they fall upon any mateual they give rise to 
other rays of a somewhat similar character known as 
Secondary X-Rays. In the case of gases and other 
substances of low atomic weight the secondary rays aro 
of similar penetrating power to the primary rays and the 
action consists, most probably, of a scattering of these, 
although it is likely that some analogous radiation is 
excited in the obstacle, t e that the characteristic radiation 
of the obstacle ib also present In the case of metals the 
secondary rays are loss penetrating than the primary, 
most of them being homogeneous an a characteristic of the 
radiator whilst Cune and Sagnac showed that in the case 
of heavy wurfala the secondary rays were really of the 
nature of kathode rays, t e they had a negative charge 
The homogeneous secondary X-rays are usually classified 
into "Series K” and “ Series 1*" the former being the 
" harder ” and more nenetrating Barlda’s latest work on 


secondary X-rays shows that all elements emit their 
characteristic radiation, the lighter ones gmng the “K” 
senes (which increases in penetrating powei with toe 
atomic weight) and the heavier ones emitting t» addition 
the "1” series. An atom probably oonsists of a positive 
nucleus surrounded by electrons revolving m orbits round 
it and the E radiation (highest frequency) is due to pertur- 
bations of the innermost, most rapid, ring whilst the L 
radiation of lower fiequency is from the next outer ring 
Lately on M radiation has been noted from a ring outside 
the latter and there is talk of a J radiation of extra high 
fiequency fiom regions dose to the nucleus Barkla 
recently confirms that an element bombaided by X-rays 
may emit both corpuscular and X radiation. 

It has been stated that Xravs aie aether pulses produced 
when the corpuscles of the kathode raysstuke an obstacle 
Gonsidei now a negative corpuscle moving forward dong 
AS (Fig 500) with a small velocity v The Faraday tabes 
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are distributed uniformly all aronnd it Suppose that 
when the corpuscle reaches Q a force acts upon it which 
quickly hmtga it to rest m a small tone U, toe final posi- 
tion of toe particle being not sensibly different from 0 
To find toe position of the Faraday tubes a tune i after 

the first application of the 
force measure along OB a 
distance Off equal to vf, with 
0 as centre describe a sphere 
with radius Y(t — Si), and 
with O' as centre describe a 
Bphere of radius 71, where V 
is toe vekxniy of light (see 
Art 810) Then if no force 
had acted on the corpuscle 
the tabes would be all radi- 
ating from O' As it is, how- 
ever, only the tubes outside 
the larger sphere axe radiating from 0 , the disturbance 
having passed over toe tubes nunfla the inner sphere they 
radiate from 0, while toe portions of the tubes within the 
spherical shell are m the transition state, the disturbance 
shifting them from the radiating centre O' to that of 0. 
They, of course, must join up tint interior tubes to tits 
exterior tubes, so that a tube inclined at an an gle 6 to 
toe direction of motion appears as in Fig 500, PQ 1«W 
nearly straight if Si is vwy PQ has a tangential 

component, tons within toe shell there is a tmi g«nfa«i 
deatno force, and J J Thomson has wriwnlai efl the 



Pig 600 


tangential shearing of the Faraday tubes are greater 
the forces due to the radial tubes simply moving forward 
The pulse due to this tangential shearing travels out- 
wards along the tube with a velocity F (K being equal 
to the velocity of light), and tins, m J J. Thomson’s 
opinion, constitutes the Eontgen rays produced when 
the negative earners of toe kathode stream s trike a solid 
obstacle 


The energy m the jralae is found thus (N R Campbell) 
eleatno polarisation m PQ (Pig 800a) may be regarded as 


The 
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ponnded of one in the direction PL and one clone QL 
wnner is e/4 st*, and if tlia latter be D wn bare 


The 


V ® 3 


LQ 

LP' 


D = 


Now the polarisation to he considered 
m the propagation of the disturbance 
along the tube is the one perpendicular 
to the tube, i e along QM , if this be 
2)', then T¥ « D sin 8 
Again, r =s 7 (C - Si) => Ft (say), 
t = rjV Further LQ — Off «* it , 
hence LQ as it/ F, and PL » d (say), 






Now 


eo sm 8 
4 rrd. 7' 



Magnetic energy a 

8a* 


Fig 600a 

k teP&W’ 


e*B a am* 8 
8rr-d*V* 


since B = 4r D’ V and p s» 


F 5 ’ 


Total energy = ffi^ - py^ par unit volume 


Bo far we have considered only one tube , for the whole energy of 
the pulse we must sum this for all the tubes , the integration gives 
for the energy E— 

** 

3 d I' 1 


We may therefore look upon Bontgen rays as transverse 
pulses m the aether of very shortwave length The energy 
in the pnlse depends upon the suddenness with which the 
stoppage occurs If the stoppage is very sudden the shell 
is thin, the output of energy large, and the Bontgen lays 
produced are very penetrating, or m technical language 
"hard,” while if the stoppage is reJafavdy slow the rays 
c any very little energy and are easily absorbed by matter 
In tbm case they are termed " soft ” 

Another theory, proposed by Professor Bragg, suggest* 
that the constitution of a Bontgen ray is that of a closely 
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(HHMffULteA poar of eieotncaUj charged particles moving with 
great velocity, (me particle being a corpuscle or negative 
electron, the other a positive electron It is not easy to 
see how such a neutral pair can be ejected from an anti* 
kathode struck by a negative electron 

Recently considerable progreea has been made on the “crystal- 
line reflection ” of X rays, te. their reflection by crystals, and 
with associated problems— the nature of atomic stnio t nr e, t he 
arrangement id atoms m the molecule, etc (see Chapter XXV.) j 
but for details the student must consult the original paper* 

Bathla and Dunlop have fust completed experiments on the 
scattering <d X-rays From these it appears that (1) the scat- 
tering of X-rays of very short wave length by equal masses of 
different substances increases only slightly with the atonno weight 
of the soatterer , (2) whim the radiation is id longer wavelength 
the soattennginenaaes very much with the atonno weight of the 
soatterer. these a hservafa ma have an important bearing on atomic 
stniotnre (Chapter XXV ) 


Positive Boys os Canal Bays.— If the anode 
in a vacuum tube be placed facing the kathode and the 
latter u perforated, streamers may be observed behind the 
kathode if the pr es su re m the tube is within certain 
limits These rays produce phosphorescence, penetrate 
thin aluminium foil, and consist of positively charged 
particles of mats about the tame as an ordinary got atom 
The mam results of investigations on these " positive " or 
"canal 11 rays may be briefly summanaad as foUowa — 

(a) Earlier Inmsttgatum* 

(1) Wern found s/m for these rays to be 10* e m mute per 
gramme (approximately), which va Tery nearly the same as that of 
a hydrogen ion m eleatrolyxu ; the value of v was 8 6 x 10* cm per 
second, about 1/100 of that of the kathode rays 

(2) Thomson, working at very low pressures, found that the cm 
oenuasted of two Bets, for one of which e/m had thevalne 10*, and for 
the other tfm had one half of thm value, vis 5 X HP , fhu latter is 
the seme as for the a particles from radio-active bodies 

(?) Vor the gases hydrogen, ear, carbon dioxide, and neon the 
shove two groups only were present, but for helium a thud group 
was elec present, for which da had one quarter the first value 
given shove, vis 26 X 10' >2 5 x 1(P 

(4) It was, therefore, suraoted that these rays or earners of pen* 
tive charges m gases were bodies identical with atoms or 



A GAB 


essg&es iias»~‘ 

When tbe rays P®*- 
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input mil beat O' Ai nnultc partioles mil be moving mth 
different velocities the actual result is a curve (Art 317} such as 
AO'B, 1 e the curve AffB is formed by particles all qf which Kent 
tin sons value tf tfm but possess different velocities In praotue 
several such curves may be obtained, tfm being the same lor any 
one curve but different for different curves (Fig 502) The curves 
ere portions of parabolas, and the values of tfm and v may be 
obtained from them by simple measurement (see bekw). 
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traces of nitrogen, oxygen, argon, mercury v epour (mercury is used 
in the pumps), carbon (as impurities), eta , might be expected 
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It is likely that (a) is a mercury atom (at, wt. 200} carrying a 
single positive oharge, (b) a mercury atom carrying tiro charges, 
(e) a mercury atom carrying three oharges, (d) a molecule of carbon 
dioxide (m v\ t = 44) carrying a single charge, (e) an argon atom 
(at wt = 40) carrying a angle charge, {/) a nitrogen molecule 
(m wt as 28) with a angle charge, (p) a neon atom (at wt = 20) 
with a angle oharge, (A) an oxygen atom (at wt = 16) with a 
angle charge, (i) a nitrogen atom (at wt m 14) with a single 
oharge, (y) a carbon atom (at wt. = 12) with a anglo charge, and 
(I) a nitrogen atom oarrying two charges Another hne— the 
hydrogen line — is defieotea off the record 
As indicated below, the actual values of m ft and v may be esti 
mated from the ourves The least value found for m/e » 10“* 
(e/m a 10'), which agrees with hydrogen One particle for which 
m/e is 3 x 10~* (e/m m f X 10') has been noted, it is suggested 
that it may be a form of hydrogen (H,) or a now dement of atomio 
weight 3 . _ „ 

It is matter of simple proof that the magnobo deflection Om is 

g iven by Ora — y *» Llae/mv, and the oleotna defleation Os by 
s = x = LlXe/mv *, where L — distance of P from centre of field 
and l — length of path acted on by the field , hence 


y _ Hv 
x ~ X’ 


>= V 


X 


X 


t. = Llirt • L bs £ 

* Am ' * m x LIU* 


Clearly the«e later experiments support tho early mvcsbgations, 
and indicate that the yxwitiie rays are natty atom and mohculaof 
the substances present tn the duehmrqt tube, such atoms and mo'eults 
hanno lost one or mere electrons , some cany tho charge + e, othew 
an integral multiple of +e (up to + 8 * » lh « 0180 , of 
Further work on positive rays may probably throw light on the 
naturo of positive electricity 
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324 . General Ideas on Gas Conduction — (1) Ionisa- 
tion. — The student mil have noted that under or dinar y 
conditions gases are very poor conductors of electricity 
Thus, if very careful attention be paid to insulation, a 
charged electroscope will keep its charge for some con- 
siderable fame. The leaves do, however, fall gradually, 
wlucih indicat es that there is a leak, although tout small, 
through the gas. Recent work shows that this leak can 
he enormously increased, and, in fact, the gas made a good 
conductor by exposing it to kathode rays. Leased rays, 
X-rays, hot hodbesT lames, ultra-violet light or radio- 
active substances The conductivity persists for a time 
after the agents which have produced the conductivity axe 
removed, but it ceases m tune 
In Fig 604, B is a charged electroscope, TB a tube 
which tenmn-*j 
ates in & funnel, 
below which is 


lead box pro- 
vided with an 
opening just be- 
low B, the lead 
box bemg neces- 
sary to screen 2? 
from the direct 
action of the X- 
xays The tube 
on the left of B communicates with a water-pump, so that 
am oan be drawn through BT and E When the bulb is on 
and the sir drawn along BT is therefore w pw d to the 
rays, the electroscope collapses, whether the charge an it 
is positive or negative, thus showing that the X-rays have 
made the gas a conductor 

If a plug of cotton wool be placed m the tube BT the 
leak in £ is not altered when the bulb isput on, i e the 
conductivity seems to be * filtered out," The same happens 
if the conducting arc is bubbled through water If TB is 
a m e tallic tube with a wire stretched along its axis, and 


an X-ray bulb 
The bulb is m a 
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the tube and wire be maintained at a high potential 
difference, the same thing happens, t e the air loses its 
conductivity 

These experiments indicate that the agents mentioned 
abovo produce in the gas "charged particles” which, 
when they enter the electroscope, neutralise the chaige on 
the gold leaf Since the gas, as a whole, is neutral, the 
charged particles must be of two kinds, positive and 
negative, tbe amount of charge earned by the positive 
particles being equal numerically to tbe amount of charge 
earned by the negative particles These electnfied 
particles ore called ions, and the process of producing 
them in a gas is called the ionisation of the gas. In an 
electric field the positive ions move in the direction of the 
field, and the negative ions move in the opposite direction 
their movement constitutes a current through the gas, for 
when they reach the electrodes their charges am given up 
The number of ions m existence in an ionised space does 
not increase indefinitely with tame, as positive and negative 
ions ore constantly re-combining We have seen that a 
gas does conduct a little even when not purposely exposed 
to any of th6 ionising agents mentioned above this is 
Bpoken of as spontaneous ionisation, and is due to 
some form of radiation always picsent 

The act of ionisation in gases really consists m the 
driaotiwiAuf. of an electron from a neutral atom of the gas 
The residue of the atom is, of course, positively charged, 
and it consists practically of the whole mass of the 
original atom it constitutes the “ positive ion ” The 
detached electron soon attaches itself in a gas to a neutral 
atom, and it constitutes the “negative ion” it is thus 
that the mobilities and diffusion coefficients of negative 
ions are somewhat of the same order of magnitude as 
those of the positive ions In fact, hoth. the electron and 
the positive residue attach themselves in a gas at ordinary 
pressure to neutral atoms and molecules^ of the gas, hut os 
the pressure is reduced the negative ion throws off its 
attendant s , hence it is that in the vacuum tube the 
electron tiavels “ free ” The “ chaige ” on the negative 
ion is, of course, the electronic chaige the " charge on 
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the positive ion— tiie atom which has had one electron 
knocked out of it— is numerically equal to this ^ Inmost 
cases of ionisation only one electron is ej ected from an 
atom, but Thomson’s positive ray experiments seem to 
indicate that the slow moving positive rays may detach 
several electrons from certain atoms (eg tne ionisation of 
a mercury atom m thiB way may consist in the ejection of 
eight electrons from the atom) 

A gas may be put into the conducting state either by 
the extraction of electrons from its own atoms, as in- 
dicated above, or from the atoms of the containing vessel, 
etc The following summarises the chief methods * — 

(a) By passing X-rays, Lenard rays, Canal rays, or 
rays from radio-actae substances (a, p, and y rays) 
through them 

(b) By ultra-violet light (Art 820a) 

(c) By raising the temperature Gases near flames and 
hot metals are found to conduct Platinum heated in a 
vacuum was found to give off both positive and negative 
particles, the latter being electrons and the former the 
residue of the atom of the metal if in a gas thcty can- 
dense molecules of the p* round them to form “ iqub ” 
(Art 328 i) 

(d) By the electric discharge after the first spark the 
discharge takes place more readily, due to ionisation 

MiUimn has done much work on the me c h a n ism of 
ionisation m gases, and his conclusions Beem to be — 

(1) Ionisation by /? rays (electrons from radio-active 
bodies) consists m the shaking off, without any appreci- 
able energy, of me electron from an occasional m o le cu l e, 
through which the J3 ray passes The faster the £ Taj the 
less frequently dees it ionise 


(2) Ionisation by X-rays and light consists m the 
throwing out of one electron from an occasional molecule 
over which the wave passes The energy of ejection 
depends on the frequency of the incident wave, and may 
be mat 

(8) Ionisation by a rays (atoms of helium from radio- 
active bodies) consists in the shaking off of one electron 
from, the molecule through winch the a ray passes 
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•Earth 


326. General Ideas on Gaa Conduction — (2) Satura- 
tion Current. — Let 

0 and D (Jig 505) 0 K .fe\ 

represent two insu- i . t -PQ) k£arth 

Iated parallel discs 
placed made an 
earthed metal vessel 
S 0 is attached to 
ab&tterv Bof many 
ceDs By means of 
anearthedwiremak- 



•Earth 


Earth 


M'l'I'I'l Mill 

Pig SOS 


plates of the cells the voltage on 0 can he waned within 
wide limits D is well mimMad and attached to one pair 
of quadrants of an electrometer or electroscope T, the other 
pair of quadrants being earthed K is a iey by which D 
may readily be earthed 0 is an earthed tube-guard to 
protect the wire from Jto 7 from external induction effects 
The air in IT bemg ionised by some ionising agent, 0 is 
charged successively to drfierent voltages end the current 
flowing from 0 to D observed If toe plate 0 is con- 
nected to the negative 


Saturation 

Currant 


y 


Potential difference. 
Pig 606 


pole of the battery it 
repels toe negative 
ions to D, which tons 
receives a negative 
charge If 0 is posi- 
tive D receives a 
positive charge The 
results being plotted, a 
curve like 1% 506 is 
obtained 

At first the current 
increases almost ac- 
_ cording to Ohm's law. 


te as the F D. between the plates increases the current m- 
oressas: this is shown by toe rising part of the curve in 
Pig 506 When toe PJ) reaches a value represented hr 
Oa a certain c urrent is flowing When the P D increases 
beyond 0a however the current remains constant and it 
continues to he constant for a big m PD. 
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until in fact a P D represented by Ob is applied this 
constant current is shown by the horizontal part of the 
curve When the P D increases beyond the value Ob the 
current again increases this is shown by the rising part 
of the curve on the right. The practically constant cur- 
rent represented by the horizontal part of the curve is * 
called the Saturation current. 

When the P D is low only a few ions are able to reach 
the plates before recombining with opposite ions and the 
current is small As the P D increases more and more 
ionB reach the plates before recombination and the current 
increases Between the P D *s Oa and Ob all the available 
ions ore driven to the plates and the current ib steady 
Beyond Ob the strong P I) causes the ions to have such a 
velocity that first the negative ions and then the positive 
ions produce fresh ions by colliding with molecules mid 
detaching electrons , thus the current again increases 

If the ionisation is meiely spontaneous ionisation, a 
P.D of about 10 volts per cm produces the ionisation 
current, but with agents such as X-rays, radio-active 
bodies, etc , the ionisation is so great that a much greater 
voltage is necessary for saturation The same happens if 
the distance between the plates is increased for more ions 
are produced m the greater Bpace Thus for the same P D 
between the plates the current increases as the plates are 
drawn further apart The student should note this dif- 
ference between the laws of conduction through gases and 
that of conduction through metals, viz Ohm's law 

If the ionising agent is removed the current drops down 
to the normal air current m a few seconds This is due to 
recombination occurring between the positive and negative 
ions 

If Q ions of each kmd be produced per unit volume per 
second by the ionising agent, the total number produced 
per second in the space between the plates will he Qdl, 
where A is the area of the plates and l the distance apart 
If all these ions are driven to the plates before any recom- 
binations take place we evidently have the saturation 
current J, hence, if e be the charge on an ion, 

I = QAle .. 


( 1 ) 
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The saturation current is, therefore, proportional to l, the 
distance between the plates as indicated above 
When a positive ion and a negative one collide they 
may combine to form a neutral ft at any instant there 
are n ions of each hind per unit volume the number cl 
collisions per second mil be proportional to a', and xf a 
certain fraction A of these collisions remits in the forma- 
tion of a neutral, the number of urns of earth kind dis- 
appearing per second per unit volume mil be An 1 - She 
resultant total rate of increase of ions of each, kind will be 
the difference between the number produced per second 
and the number disappearing per second, t.a 

Q- Atf (8) 

and if the ionisation be constant Unfit mil be aero, and 
Q = Aw? . .. ... (8) 

Again, when a P D. S easts between the plates the 
current is given by the product of the number of rnny 
crossing a section normal to the motion per second, the 
charge on an ion (e), and the potential gradient (23/1) , 
that is 


♦ = 4n«(o + + »_)*[ (4) 

where v + and v_ ore the mobilities of the positive and 
negative ions respectively, to their velocities under unit 
potential gradient, hence 

T Qtj • ••••• *• • 

or, smoe Q e An 1 , 

*=l*fc + 2=)S ,« 

l i-J&G 

Hence in the early atages the current i is proportional to 
Hfas esn^imant shorn), for all the other terms on the 
ngnt band side are constant 


887. General Ideas on Gas Conduction— (8) Facte 
Experiments have shown that the 
wn consists of a negative corpuscle either alone 
or loaded up by attracted gas molecules, while the positive 


428 inn tassaor of rlfomiicixt through a gas 


ion consists of an atom of gas which has lost a corpuscle 
also either alono or loaded up by attendant molecules 
Tko masses of positive and negative ions are thus com* 
parable with the molecules and atoms of the gas, but while 
the mass of the positive ion is approximately the same at 
all pressures, that of the negativo ion decreases greatly as 
tko pressuro is decreased, shoeing that at low pressures 
the negativo corpusde throws off its attendant molecules 
Condensation experiments (Art 320) have shown that if 
the expansion is sufficient to bring down all the positive 
and negative ions, the number of positive ions is equal to 
the number of negative ions From this it follows that 
Binco tbo gas was electrically neutral to begin with, the 
charges earned by positive and negative ions are numeri- 
cally equal The charge earned by an ion is independent 
of tho nature of tho gas, and the gas ion thus differs very 
much from the ion of electrolysis (see also Art 823). 
Townsend has shown that oven with the Btrong ionisations 

E reduced by radium only one molecule of gas out of a 
nndred milhons is ionised per second In weak olectnc 
fields only the negative ion produces ions by collision, in 
strong fields tbo positive ion is also able to produce ionB 
by colbsion, this explains tbo rise of tbo current curve for 
large voltages (Fig 506) 

With regard to the negative ions in dry air thB following 
points may be noted — If V be the electric force in volts 
per centimetre, and P the pressure in millimetres of 
mercury, then —(1) If 7/P bo less thou 01 the ion is a 
negative corpuscle loaded up by a group of molecules 
(2) As 7/P increases from 01 to 2 the mass of the ion 
flimnitaliBR (3) If F/P exceeds 2 the ion throws off the 
uioieenlftR and is a free negative corpuscle or electron In 
the case of the positive ion the only change isporhaps from 
a small group of molecules to a single molecule or atom 


328. Determination of the Velocities of Gaseous 
Ion 8. — Rutherford made use of the relation (4) of Art 
326, to find («+ + vJ) The current i was obtained from 
the late of deflection of the electrometer needle, toe 
i onis ing rays were cut off, a very lngh P D. then sudden y 
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applied, thus drirmg dl the ioaa to the plates, and the 
charge neAl was, therefore, known from the electrometer 
deflection Now, 

(B++0= 3ra ss T5ap* 


thus (v+ + e_) is known ZeUny found »-/»+ by notmg 
the deotno force required to push an ion against a jgaa 
moving with a oertain velocity in the opposite direction 
From the two results e + and o_ are determined 

Ano ther method is as follows Imagine two parallel 
plates P and Q maintained at a fixed potential difference, 
and let ions be produced near P , ions of one sign will give 
up their charge to P, and the others will move towards Q. 
Just as they are about to reach Q imagine the Add to be 
reversed, the ions will be driven back towards P and a 
fresh set of opposite sign will move towards Q Just as 
they are about to reach Q imagine the field again reversed, 
and so on By a careful arrangement of an experiment of 
this kind and a noting of the time between reversals, for 
which Q is pat on the point of taking a charge, we obtain 
the tame required for the ions to travel the distance between 
the plates, and, therefore, the velocity of the ions Many 
other methods have been need 
Experiment shows that the plate Q takes a negative 
charge sooner than a positive one, the velocity of the 
negative ion is, therefore, the greater , the following 
numbers may be noted — 

*+ »- 
Air 1-36 187 

Oxygen 1'86 1 80 

Hydrogen 6 70 7 95 

Helium 1 48 2 08 

(Them value* an for ions produced by HSntgen nji T he 
vehxntre* are in cm per wo , the potential gradient bang one wit 
pet on I 


connection ^ith the nobilities of ions in guti •— 

(a) The motility at e positive ion depend* not on the nature of 
the gee out of whim it is formed, but an the gas through which it l* 
passing 


X AND E 


430 THE PASSAGE 07 ELECTRICITY THROUGH A GAS 


(6) The mobility is independent of the temperature if the density 
of the gas is constant. 

(c) The mobility is approximately inversely as the square root of 
tile density 

(d) There is a considerable morease in the mobility of a negative 
ion w hen the pressure is reduced below a certain vame , at very low 
pressures the positive ion also shows an morease in mobility 

Two theories have been pnt forward (1) that the forces between 
ions and moleonles vary inversely as the fifth power of the distance 
between themi (2) that the action between ions and moleanles is 
similar to impacts between hard elasbo spheres 

Thomson has shown that (a) follows from the first theory if an 
ion is a duster having a mass mnoh greater than that of a molecule 
of the gas through which it is passing, that (6) follows from the 
first theory , that (e) follows from the seoond theory if the ions in 
the various gases haie the same sue, and it follows from the first 
theory if all the molecules m the gases exert the same force on a 
point charge at the same diatanoe, and that (d) Mows on either 
theory if the ions dissociate at low pressures so that free corpuscles 
ate brought into existence 

EnkBon's latest results seem to indicate that the mobility at 
constant gas density does vary with ths temperature, the positive 
ion having a maximum mobility at about 0° 0 , the negative ion 
showing a maximum also, but being more uncertain m its behaviour 
No definite conclusions have yet been drawn from this 

328a. Ionisation by Collision— (X) The Negative Ion — 
Reference has been made to the foot that the rise of the curve (Fig 
506} when the voltage becomes high is due to the fact that under 
the influence of the intense field first the negative ions and then the 
positive ions acquire snoh a velocity that they are able to detach 
electrons from the molecules of the gas by colliding with them, and 
in this way the number of ions (and therefore the ourrant through 
the gas) is increased. We will consider first the case of the negative 
ion, assuming that the initial ionisation is produoed by ultra-violet 
light falling upon a zmo plate 

Let n„ be the number of eleotrons emitted m one second by the 
negative plate A (Fig 506a) these negative ions moving immediately 
across the field with the appropriate velooity Let a be the average 
number of new ions formed by one of these negative ions in moving 
through one centimetre tow aids the positive plate B Imagine that, 
when ionisation by collision has set in, there are n negative ions in 
the space between A and dx In going through ax these will 
produce on dx new ions. Calling this an we have — 

dn = on dx or dnjn = o dx 
log n = «* -HT 


Integrating this 
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where K u * constant Bnfc n ** n* when * m O ; ham on sub- 
statu tang : -log «,5i 

.. log n = « + log n« 


*L = *“* t 

«• 

■ n «• «*t“* • 

Thus the number of tons reaching the plate B 
mil be giYen by — 

*- V** 

where t ia the diatonoe between the plates 
The formula above fits in well with experiment* 
4mm pressure aid a Geld of 700 volte per am a 


if 


Fig 506a 
With air at 


816 


388b Ionisation by Collision— (8) The Positive Ion — 
The theory of the preaeding Motion may now be extended to lnolodo 
the pomtava ion Let ag be as before the number of electrons 
emitted at the arm plate A per second (Fig 6066), and n the 
number reaching B Let Q, and Qj be the numbers produoed by 
oollmcn in the tnro spaoea as shown dearly 

* s *i+Qi+5i (l) 

Again ne + Qi eleotrona (negative uns) pass dx towards the 
right m one second and Q t positive ions mss the other way Let 
a nave the same mea n i ng as bef or e and let p be the number of 
electrons ejected (by ooQuoon) by a positive ion in travelling one 
centimetre in the direction of the field Hence — 

*Qi ■ ("a + ft) + &/M» 

for both aides denote the number of electrons formed in dx 


if 




Fig 5006 
the solution to which is — 
«* + Gi" 


■ ■«» + Qi« + QtP 
“ » a" + Cl* + «*-»* - Qi) 
Qt = *-«*- Qj from (1) 

*«• (** + «lM* -«+«|S 

or d 5 {n<l + 9 ll-(«-PMn*+ft)+np 


-ff* jsL 

a-p 


( 3 } 
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where Z is constant When x = 0, Q x «= 0, hence — 
r h = Z-JtL .. 


a-p 


t e £r = tlQ + 


When x =■ I, n a + = n Hence substituting in (2) 

_ , tip np 

n -{^ + a^p) e ~P 


■Pi 


IF p = 0, this reduoes to — 


» = n 0 « 


(3) 


as obtained m the preaeding seotion Positive ions do not ionise to 
the extent that negative ions do owing to their smaller velocity 
the positive a partiale, however, ejected from radio aotive bodies 
travels with a velocity of 2 x 10 s oms per second and has greater 
ionising power even than an electron 
The formula developed above fits in well with experiment For 
air at 4 mm pressure, eleatrio force 700 volts per cm a = 8 lfl 
and p — 0087 


328o Decay of Ionisation when the Ionising Agent is 
Cut off —It has been indicated that the ionisation of a gaB exists 
for a time after the ionising agent is out off but that it finally 
disappears The low governing the rote of deony may be deter- 
mined as follows — 


By (2) of Art 328 — 

&-«-**• 

where Q denotes the number of ions of each kind prodvctA per unit 
volume per second, n the number m existence per unit volume at 
any instant and A n’ the number disappearing per seoond from 
unit volume 

If the ionising agent be oat off \ Q — O and — 


dn 

dt 


A n 1 



- 1 = - a t + K. 
n 


Integrating — 
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Now when t = 0 , i« at the instant the agent u oat off let the 
tone per umt volume = n, Tutting t—O above 



BULB 

Tig 60Se 


Thai in tune t «= 1/ An, tin value of n will be nJZ, i e the 
ionisation will have fallen to hall value. Rutherford verified the 
above experimentally The nuuing agent me out off and, altera 
known tame, the uni were driven to the plates by a strong field 
and the charge (ecu) noted Thu was repeated for various tune 
intervale 

The oonstant a u allied the reoamUnatum coefficient and 
one method at determining it u as follows —A wide metallic tube 
B (Fie 606c) fitted with a gauze screen D is capable of sliding in 
the tube A, these tnbee being kept strongly charged by meant of a 
battery. A stream of gas u caused to pan through the tubes, the 
gee being i o n ised at it These ions pan through Z> and are, under 
the actum of the field, collected by 0 eo that the electrometer is 
deflected The charge reoeived per second it noted (1) when the 
distonoe aD u 1, and (2) when the distance aDisZ, 

Now let » be the velocity of the current of gas along the tabes, 
8 the eeetusnsl area of the tubes, n t the ions per a em at D when 
aJD H fj, «, the ions when ol) is f- and e the wmo charge If <2, be 
the charge per second received by 0 when the distance u U and 
Qi when it u f, — 

Q, mAtjiu and Q t m 8 u 0 > 

and the tune ( taken by the ions to move through the length (L-Z.) 
is given by i = (Z, - Zj/r Further n, - QJSsv and n, - Q,/Stv. 
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A pun from (!) above 
fall from n ( to ti 3 — 




J - — bo that if l bo the time to 
n « 0 



w fSai Set \ 

h-h\Q t ~ Qj 
Sw 7 Q, - Q , 
k-l 1 Vi Qt 


(2) 


Rutherford obtains A for air = 1 SS X 10“*, for hydrogen 
1 42 x !0~ c , and similar values for other gases (the pressure is 
atmospheric) If ire take & in round figures to be 10~ c ire see 
from (1) above that if tlioro wero 10* ions per o am half of them 
would re combino in one second 


328d. Ions from Hot Bodies — It bos been known 
for nearly 200 years that gases in the neighbourhood of 
hot bodies become conductors Richardson and others 
hare shown that if a platinum plate he heated in a vacuum 
then at a dull red heat it gives off streams of positive 
electricity, hut that as the temperature continues to nse 
this stream becomes less, vanishes and changes sign (any 

S isitive at high temperature is mashed by the considerably 
rger negative) these negative particles are electrons 
Wehnelt found that this emission by hot metals was 
increased by coating the surface with calcium oxide In 
the Wehnelfc-Braim Tube the kathode is a piece of 
platinum coated with calcium oxide, and it is heated by 
the current from a batteiy The electrons pass through a 
hole in the anode and are then subjected to the influence 
of an electee and a magnetic field By the method out- 
lined m previous pages the value e/m is found The 
result is rather low but near enough to 6how that they are 
electrons 

If the hot body be m air the electrons condense mole- 
cules of the gas round them to form ions 
Carbon is very efficient in the phenomena we are con- 
sidering The negative carbon of an arc lamp emits 
streams of electrons, which falling on the positive carbon 
keep it very hot If a metal plate be placed between the 




Fig »Kw 
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two limbs of a carbon filament lamp and the plate be 
lomed to a galvanometer, the latter will be deflec ted -w hen, 
the other terminal of it is joined to the positive terminal 
of the lamp, but not when it is joined to the negative 
te rminal of the lamp ThiB is used in Fleming's Osoilla- 
g m vain employed aa a detector of electromagnetic 
waves on the same principle as the carborundum crystal 

^Owuuj to the emission of electrons by an incandescent 
wm carrying a current the effective area of the wire is 
increased, tea part of the current will pass outside the 
mro The emission of electrons by the aim has been 
suggested as an explanation of well known magnetic and 
electric. -I phenomena, e g the Northern Lights, etc 


328e. 0. T. R, Unison’s Ionisation Photographs. — 


able photographs on the tracks of a particles, etc , which 
not only throw light on many of the facts mentioned in 
connection with ionisation but also on atomic structure. 
m particles ionise some of the molecules through which 
they pass, these ions immediately condense water vapour 


around themselves forming droplets, and these are final! 
illTnmwmtefl for the short tame necessary for a photograph 
to be taken by virtue of the light which they reflect 
Fig 506d shows the effect when X-rays pass through 
ur The X-reya hurl electrons from certain atomB with 
great energy and it is the paths of these electrons ionising 
as they go which are shown by the little wavy lines in the 
figure it has been stated that ionisation by X-rays con- 
sists m the burling of one electron from the atom and 
this seems to be upheld by the photograph, for if two or 


three electrons were hurled out, each bright dot would be 
the starting pomt of two or three wavy lines and this 
is not shown Further, the fact that electrons do not eject 
other electrons from atoms with very great energy is also 
indicated m the figure, for if the energy of these secondary 
ejected electrons were great, each dot along the path of an 
ionising electron would he the starting point of another 
wavy line and so on This oommdes with Brasws’ con- 
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elusion, viz that the bulk of the ionisation is due to the 
high speed electrons hurled out by the X-rays, and not bo 
much to the electrons shaken loose by these high Bpeed 
ones as they continue to ionise The curl towards the end 
of tihe track shows that the electron as it slows down is 
less able to resist any deflection from its straight course 
due to the constituents of the atom through which it is 
passing 

Fig 506s shows the tracks of a particles (t e atoms of 
helium from radium) An a particle shootB straight through 
about 7 centimetres of air going therefore right through 
(not pushing to one side) nearly 600,000 atoms without ap- 
proaching near enough to the central nucleus of an atom to 
suffer deflection at the speed with which it is travelling 
It ionises a good deal, hence the path in the photograph ib 
continuous Towards the end there is a distinct deflection 
showing that as the particle Blows down the nuclei of the 
atoms begin to deflect it from its straight hue track This 
ib just what we would expect, for an atom ib a land of 
solar system with a small positive nucleus and certain 
electrons revolving in orbits, but, nevertheless, mainly we 
might say, empty space, and it is quite possible for another 
atom to shoot straight through tbs atom without so to 
speak hitting anything or being deflected from its course 
tf only it u endowed with sufficient speed Sometimes, 
however, it approaches an obstacle and as the speed falls 
the time they are in each other’s vicinity is greater and 
deflection ensues 

Fig 506/ shows the track through air of a jB particle 
(electron) from a radio-active body The track is dotted 
showing that ions are produced spread out along the track 
The track shows a land of continuous curvature due to a 
number of smaller deflections Measurements indicate 
that this electron went through about 10,000 atoms before 
it came sufficiently near an electron in an atom to eject it 
and form an ion — another indication of the " empty space ” 
character of an atom «* 

The m echanism of ionisation by y rays is similar to that 
of X-rays , electrons are hurled from the atoms, and these 
produce other ious as they travel along 
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Kate —In the Mowing ««*ed example* only approximate date 


are employed 


Sxnqlu 

I If elm for the Uthode rayi be Ox 10 H e «. unite «r gramme, 
ml eVl/10 that baht, fad the tUctrostabcftdd which will deflect 
a stream 10 cm long through a distance of 1 mm 

In Fig 494 AB » 10, BO = 1/10 

Now A& m B0(2R-B0), 

■ .-«ajfsjsp— * 

From Art 317 X “S ? * gx'W 

' X a OBlI unit, 

and, mnoo X = dVjdx (neglecting sap), and one electrostatic nut 
of potential = 300 volte, a patented gradient ot 0 volte per cm 
will be necemary 

8 The number of ootemdea per cubic centimetre qfagtuatNT.P 
t»3xlO w . Find (1) the man qf a hydrogen atom, (2) the mats qf a 
corpuscle, (3) tAe charge on a cerpueefo (i e the elecli on) 
loom of hydrogen atN TP = 9 X 10 _t grm , 

* 1 molecule of hydrogen at N T P “ ~ §'xi6^ " * X l0~ M gnn , 

I I 1 atom of hydrogen - — * ■ 1*8 x 10 u gsm 
liking the mats of a corptwola = 1/1900 of that of a hydrogen 

1 ooepneede = 1 5 >8x10 u grm. 

nn, from eleotrolyaa, 1 grm of hydrogen carries a charge of 
x 8 x 10 w e s nuts 
1 atom of hydrogen ounee 9950x3 X 10 u x 15x 10~ M ee 
mute, or 4 3 x 10~“ e * nniW 
But thieu the electronic charge; hence 

Electronic charge *43x 10 -M ee unite 

3. The coefficient qf vtscanty of air ta 00013 Find the radiut and 
mate qf a water drop m WUtcn’e experiment which faBt at the rate 
qf 02 cm per etc., and (he electric field which mB lap the drop 
tltady if the tharge on it u (he electronic charge, tag 3 x 10~ u e t 
toot 
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Hew (in Stokes’ formula, Art 320) t> = *02, p a 1, g = 931, 
V- — 00015 On substituting, 

Sadias = a = 00011?, 

Kass = Volume x Density = fra 4 5 = 6 7 X 10“** 

If X be tbe field required to keep the drop stationary. 

Upward force = Downward force 
eX = mg 

(3 x 10- ,8 )X = (6 7 x 10-»)931, 

X = 21*9 e s units 


Exercises XXIX. 

Section C. 

(1) Describe the general character of the discharge in a partially 

exhausted tube (B Sc.) 

(2) An electrified particle traverses an electric field, the intensity 
of the field being normal to the original direction of motion of the 
particle Find an expression for the deflection of the particle 

What other experiments must be made in order to determine the 
ratio of the mass of the particle to its electric charge ’ (B Sc.) 

(3) How may the electrical conductivity of an ionised gas be 
determined! What is meant by the saturation current* (BSo) 

(4) Two metallic plates, separated by a layer of air, ate connected 
with the opposite poles of a battery, in which the number of cells 
may be increased indefinitely. Trace tbe change in the relation be 
tween potential difference and the current, explaining those changes 
in terms of the ionisation theory 

How would yon measure experimentally the currents in such a 
case! (B So. Hons ) 



CHAPTER XXIV. 


BADI0-A 0T1V IT ? 

829. Badio-aotive Elements. Three Types of 
Badiation. — In 1896 Becquerel discovered that uranium 
and its compounds gave out rays which affected a photo- 
graphic plate and ionised a gas just like kathode and X 
rajs do, and m 1898 the same thing was discovered for 
thorium; substances which act m this way are said to 
be radio-active Just after these discoveries II and Mina 
(June made a systematic study of the radio-activity of many 
minerals, and having discovered that radio-activity is an 
atomic property, being in no wise dependent on the chemical w' , 
combination entered in by the element, found that some of 
these minerals, pitchblende and chalcolite in pcrtumlai, 
were moie active than the amounts of uranium and thorium 
they contained would justify They concluded from this 
that these minerals must contain another active dement, and 
from a ton of uranium residues from pitchblende they suc- 
ceeded in isolating 3 gramme of a very active element to 
which the name radium was given Incidentally a less 
a ctive element which they called polonium was also dis- 
covered lime Cune determined the atomic weight of 
radium and found it to be 226, which places it in the 
perudic table m the same column as the metals of the 
alkaline earths and m the same row as u ranium and 
thorium, whilst Demarcay examined its spectrum and found 
it rave new lines, thus confirming that it was a new element 
A thud strongly radio-active body was identified in pitch- 
blende by if Debierne, who named it actinium, Badum , 
polonium, and actinium have as yet been obtained only m 
very small quantities 


4M 
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Three methods hare been employed in measurements 
connected, with the radio-actanty of bodies — 

(o) The action of the rays on a photographic plate 

(5) The fluorescence produced by the rays on a scr een 
of zinc sulphide, banum platmo-cyanide, willemite, etc 

(c) The ionising action of the rays on the surrounding 
gas 


Ezps (1) In 1899 Rutherford examined the radiation from uramnm 

V nn aIaaIua.1 — 1 .1 _ 
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mas*- of a helium atom Thr> charge on an a particle lit 
twice the electronic ckargo Since liehum is always found 
m companj with radio actno bodies, Kufherfoid concludes 
Hint the a particle is au atom of helium, or rather that the 
a particle, after it hat, lost its positive charge, is an atom 
of helium Ho has confirmed this w itb the spectroscope 
Most of the energy emitted hi radio active bodies is carried 
bv (lie a raja During the flight of an a particle through 
a gas it knocks off neg.ilivo electrons from many of the 
atoms and is thus an effect no ioniser (200,000 ions per a 
particle), rapidly spending its enorgj in the process The 
expulsion of an a particle from an atom being the result 
of an internal explosion, tho residual atom “ recoils " The 
oxistcnco of there recoil atoms h.ts liecn shown in many 
ways Further, talcing the n particles to bo liehum, one 
grummo of radium m equilibrium would emit 175 cc of 
helium in one j car, the amount nctually observed is 170 oc 

331. Tho (3 Kays. — Thcso ivro more penetrating than 
tho a rajs A thickness of aluminium foil equal to 5 cm 
is required for complete absorption Owing to their pene- 
trating power thor nro easily detected by photography, and 
Decquercl b\ photographic methods measured their deflec- 
tion m a mngnctic field mid found that e/m was vciy nearly 
10 ? electromagnetic C G 8 units por gra , that v was from 
1 6 x 10 ,# to 2 8 x 10" cm per second, which is neailv 
equal to tho velocity of light, and that their charge was 
negative Tliej are therefore ldonhcal with the electrons of 
the kathode stream Tho /? particles from radium have, on 
the whole, higher velocities than those from uranium, but 
these latter are more uniform m velocity. The " mass ” of 
the /) particle increases with tho velocity (and therefore 
e/m decreases) ; this is a conscquonce of tho electromag- 
netic theory, as will bo seen Inter 

332. The y Rays.— -These are extremely penetrating 
rays , Rutheuord has dotected them after they have passed 
through a foot of iron They readilj excite luminosity m 
\nnouB platiuo-cyanides and in willeinite (me silicate) 
after passing through half an inch of lead They cannot 
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be deflected in a magneto field, so that it seems they ate 
not a stream of electrnLed parades From the simuaxify 
of their acton to penetrating Bontgen rays it has been 
conduded that they consist of pulses in the aether of 
very short wave length generated when an electron 
is expelled from an atom. Thu view u borne out by 
tbs fact that these y rays accompany £ rays and are pro- 
portional to them Becent investigations on the absorp- 
tion in aluminium and lead of the y rays from radium B 
indicate that several senes of dharaotensto radiations are 
present and that they rays correspond to the natural modes 
of vibration of the internal structur e of the radio-active 
atoms 


333. The 8 Boys. — Shndy moving negative corpuscles 
have been detected by Thomson which axe very Bumlar to 
wisp rays (electrons), but which do not ionise owing to their 
low velocity , these have been called 8 rays The least 
vetomtjr for lomeatwn is 8 8 x 10* cm per sec , whilst the 
velocity of the 8 rays is 88x10* cm per sec 


33d. Determination of e/m and » for the a and fi 
Boys. (1) a Ba$i In Fig o08 IT is a groove containing 
a wire which has been rendered active by 
exposure to radium emanation The a ravs 
pasa through the slit 8 and fall on the photo- 
graphic plate P, the vessel u exhausted A 
nn^neto field u applied parallel to the wire 
and ant, thus deflecting the rays to one side 
The flehl is then reversed, thus deflecting the 
rays to the other side If & be half the is- 
tance between the bands on the date P, r 
the radius of the circle described by the 
»ys,j» the distance between P and 8, w the 

2SC3^T2,LSL*- “* * *• t - *• 
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The apparatus is somewhat modified for the electrostatic 
deflection Tho rajs from the wire pass up between two 
vertical parallel plates ( 21 mm apart) kept at a P D X 
by means of a battery In passing between the plates they 
descnbo a parabolic path and on leaving proceed in a 
straight line to the photographic plate P The field is 
reversed ns in the cose above If p, be the distance between 
- P and the end of the parallel plates, q the distance between 
the parallel plates, and D the distance between the extreme 
edges of the deflected band, it is readily established that 


mo* 


( 2 ) 


From (1) and (2) e/m and v are determined 

(2) P Bays — -The principle of the method is as follows 
The rays are subjected to superimposed magnetic and 
electrostatic fields, the fields being parallel so that the de- 
flections they produce are at right angles, and the rays are 
received on a photographic plate Imagine the source to 
bo L cm in front of the plate and let 0 (Fig 502) he the 
point of impact when bow fields are absent, 08 the direc- 
tion of the electrostatic defieation, and OM the direction of 
the magnetic deflection When both fields are on, the point 
of impact will be (say) O', in which case Os is the electrostatic 
and Om the magnetic deflection, both of which can there- 
fore be measured The calculations of e/m and v are then 
those outlined in Art 328 

The value of v vanes, and as it increases, approaching 
that of light, e/m decreases, or, assuming e constant, ihs 
mass m therefore increases with the velocity (see Art 338) 


As already indicated thB value of e/m for the a particle 
is 5 1 x 10* e m units per gramme, and for the j8 particle 
about 63 X 10 7 to 1 71 X 10 7 e m units per gramme de- 
pending on the velocity Little farther need be said about 
the fi rays in th» chapter for the fi particles are electrons 
(Chapters ,XX 1 11. and XXY ) 

334a. Determination of e and mi for the a. Fax 
tide. Identity with Helium.- — The action of mdi- 
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vidnal a particles was first made risible by Sir W Crookes' 
tpmtkamcope Near one end of a tube is fitted a screen 
coated with zinc sulphide, -whilst just in front of it is fixed 
a needle whioh has been dipped in radium solution. The 


screen can be viewed through a lens fitted into the other 
end of the tube If the eye be first made sensitive by 
being m the dark for some few minutes, then, on examin- 
ing the screen, the latter will be seen to be twinkling with 
paints of greenish light These scintillations are due to 
the impact of a rays for if a suitable sheet of mica he put 
between the needle and screen so as to cut off the a. rays 
the action ceases It mar be due to the crystals of 
zinc sulphide being fractured under the bom bardment of 
the a particles Bow assuming that each a particle pro- 
duces a scintillation a suitable experiment of this nature 
might he arranged, the number of a particles counted, the 
total charge measured, and thus the charge e on one a 
particle determined ; this method was adopted by Begener. 



Entherford and Geiger worked as follows s-J The glass 
pomt 0 (Fig 508) carries the active material which is 
ejecting a rays tn aU directions, those falling on the small 
opening 0 passing through into C The potential difference 
between the wire IF and the walls of 0 is such that the 
saturation current is flowing and the rising part of the 
curve is almost beginning The conditions are such there- 
fore that the advent of an additional a particle increases 
the conductivity and produces a distinct throw of the elec- 
trometer By noting these, the number n of a particles 
winch enters the chamber in one minute can be determined. 
From this the total number JST given out by O is o btained 

X ASPS £4 
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by tho relation Nfn = 4rr/tn, where u is the solid angle 
subtended at G by tlio opening 0 With full attention to 
dotails it was found that the number of « particles omitted 
by Radium 0 from ono gramme of radium was 3 4 x 10® 
per second Finally, the total charge given per second to 
a conductor was determined, the fl raj s being deflected 
away from tho conductor by a magnetic field Knowing 
tho charge per second and the numoci of a particles per 
second, the charge a on the a particle was found This as 
already stated is 9*3 x 10 _, “ cs unit or 3 1 X 10- 50 e m 
unit, tc twice the electronic charge Co mbin in g 
this mth tho e/m value above, nz 51 x 10 s , we get m — 
6 x 10 _!l gramme which is the moss of a atom. 

That tho a particle is an atom of helium has also been 
demonstrated os follows —Rutherford and Royds obtained 
some very thin gkss bulbs ( 01 mm thick) which would 
allow a particles to pass through them and at the same 
time would stand a satisfactory pressure Radium emana- 
tion was placed in a bulb, tbe whole wns put in an ex- 
hausted tube and the spectrum was examined when a 
currant passed through the tube For twenty-four hours 
there were no signs of hebum, in foui days helium lines 
appeared, and in six days the full helium spectrum made 
its appearance As nothing hit a particles could get into the 
oute i tube the conclusion was obvious that the a particles 
were helium atoms Finally, the experiment was repeated 
but with helium itself undei pressure in the inner bulb 
in this case there were no signs of helium in the outer 
tube thus confirming the above 

335. Radio-active Changes. (1) General —It has 
been condusively shown by Rutherford and others that 
the radio-active elements are elements in a more or 
less rapid state of disintegration/ When a corpuscle, t e 
a particle, gets loose and escapes and when an a particle 
is expelled we remainder become a new form of atom 
As soon ns an atom of one kind disintegrates into an 
atom of another kind, this new atom also begins disin- 
tegrating, and bo on Rutherford has shown that the late 
or disintegration follows a definite law, which may be ex- 
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pressed as follows —Let M, he the moss of active material 
mifaflllj p rese n t, and Afi the mass i seconds afterwards, 
then — 

Ifi s 2La ^ • ...» (1) 

where e u the haw of the Napierian logarithms, and y is a 
constant for the particular substance (radio -native con- 
stant) Hence the fame T for half the substance to dis- 
integrate will be — 

pk = M* - ' 1 ' 2 ", nr=^ t 

or fsi 1 and 7 = -~ (2) 

To take an example in the caw of radium emanation 
— one of the disintegration products of radium — the time 
T for half value is 8 86 days, and therefore y for this par- 
ticular disintegration product is *698/(886 x 24x60x 60) 

% s 1/480000 

Again differentiating (l)weget — 

^’ = -yiL«-*=-yar f , 

» s ~ = ylf (numerically) (8) 

from which it follows that in the examp le taken— radium 
emanation— only 1/480000 of the number of minting 
atoms disintegrate per second As further examples it 
may be mentioned that the half value time T for thorium 
emanation — a d isi ntegration product of thorium — is 54 
seconds, so that y = 1/76. The half value time for 
radium is 1780 years 

Evidently, if we keep a quantity of the primitive 
substance and allow nothing to escape, we shall have in it 
a collection of atoms of all the products of disintegration, 
and if we keep it long enough a steady state will be 
obtained m which the number of atoms of any one product 
cha ngin g per seoond into the next product will be equal to 
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the number of atoms of the product formed by disintegra- 
tion of the previous product The products are then said 
to be in a state of radio-active equilibrium 

In the sections which follow the successive disintegration 
products or "metaholons," as they are called, which 
occur in the disintegration of uranium, radium, actinium, 
and thorium are dealt with. The disintegration products 
are all solids except the “emanations” from radium, 
thonum, and actinium These are gases which have many 
of the properties of an ordinary gas The three “ emana- 
tions ” are very similar in their general properties, hut they 
differ greatly in their rates of production and decay Ab 
radium exists in the earth’s crust radium emanation exists 
in the atmosphere 

The curve, of which (1) above is the equation, is called 
“ exponential ” • it appeared m Chapter XVII when deal- 
ing with the decay, etc , of a current in a wire, and it will 
appear again in dealing with the radio-active changes in 
the sections which follow 

335a. — -Badio-active Changes. (2) Uranium X and 
Thorium X. — Crookes in 1900 added ammonium carbonate 
to a solution of uranium nitrate, and dissolved the pre- 
cipitate by excess of the reagent He found that the 
precipitate did not totally redissolve, and that the slight 
precipitate left was photographically as active as the 
original uranium, while the uranium m the filtrate was 
photographically inactive This precipitate he called 
uranium X The two were kept apart for some time, 
and it was found that the solution wholly regained its 
activity, while the precipitate completely lost its activity 

More recent experiments have shown that the decay of 
photographic activity of the Ur. X follows the exponential 

law I, ss I # e _W , and (hat the rate of recovery of the photo- 
graphic activity of uranium follows the complementary law 

J fS = J, — j> -M , where h is the radio-active constant of 
TJr X, this is indicated in Fig 510 From the curves it 
is clear that Ur X falls to half value m 22 days, 
whilst Uranium recovers to this value in the same times 
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at any instant the sum of the Tallies for the two curves is 
equal to the original value 

The explanation of the above is simple on the disintegra- 
tion theory When the TTr X is separated from the 
uranium it begins to lose its activity The uranium, how- 
ever, goes on producing new Ur X at the tame rate, and 




thus begins to increase in activity Of course this new 
Ur X will begin to lose sctmty, just like the Ur X which 
was separated, bnfc the constant production of fresh Ur X 
comes the activity of the uranium to increase until the 
equilibrium condition is reached, when the loss of activity 
per second of the Ur Xpresent equals the gain in actmty 
per second due to new Ur X the mamnm will then hove 

z a -a i i*_»i 




Electrical measurements showed that uranium lost little 
or none of its umuahon actmty on the precipitation of the 
Ur X, and that the Ur X was almost inactive 
Rutherford has explained the above on the assumption 
that uranium itself only gives off a rays, while the Ur X 
into which it disintegrates only gives out ft rays The 
a ray actmty, and therefore nearly all the io nisation 
activity, u thm unaltered by the removal of the Ur X, 
while this removal tabes all the J3 ray activity, and there- 
fore nearly all the photographic activity, with it. 

Rutherford and Soddy precipitated thorium from solu- 
tion by means of ammonia, and found that the s ofo tion 
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which is free from thonum possessed the greater part of 
the activity, whilst the precipitated thorium had lost the 
greater part of its activity The new substance was called 
Thonum X After the lapse of a month the Thorium X 
had lost its actinty and the thonum had recovered 
Neglecting certain irregularities iu the early stages (which, 
however, are quite capable of explanation), the decay and 
recoveiy curves are similar to those of Fig 510 for 
uranium and Uranium X The half value rime for 
Thonum X is about 4 days 

Actinium X, a transformation product of actinium haB 
a half Table time of about 10 days 

Modem work indicates that the changes from thorium 
to Thonum X, and actinium to Actinium X, are not direct 
changes, but that there are intermediate products and 
various complications these, however, do not interfere 
with the general pnnciples and theory, and will be intro- 
duced later 

335b. Radio-active Changes. (3) The Emana- 
tions. — -Radium, actinium, and thonum differ from 
uranium and polonium in that each constantly gives 
off a heavy gas which is strongly radio-active This gas 
is called an emanation, and it has many of the pro- 
perries of an ordinary gas It can be earned along 
pipes by a current of air, it diffuses through porous 
bodies, it can be condensed, etc The emanations from 
r ad ium, actinium, and thonum are very similar in their 
general properties They differ, however, greatly in their 
rates of production and decay, and in some other proper- 
ties The first emanation discovered was that of thonum 
Radium exists very widely distributed throughout the 
earth’s crust, and therefore radium emanation exists (to a 
very small extent) in the atmosphere It may he absorbed 
from atmospheric air by drawing the air through a tube 
p afifrod with coco-nut ohareoaL If the charcoal is after- 
wards heated to redness the emanation is dnven off and 
may he collected and tested 

To study the life of thonum emanation tbe apparatus of 
Fig 511 has been employed 
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Exp A water pump draws air thronjpi cotton-wool(fco fil ter oa t 
dust nerbolee) m a tuba D, and then over a layer of thorium oxide 
or hydroxide in a tube T Charged with the ema n a t ion the air 
current enters an insulated metal can 0 through a tap at a, and 
after passing through the can and mixing with the contents leaj ea 
it by a tap at b The mouth of the can u sealed by a sulpbur plug 



in a short tube 0, 0 being fitted into on ebonite phis which fits the 
mouth of 0, A wire penetrates the sulphur plug and hang* axially 
within the can , its upper end >■ connected to an electroscope or 
deatxometer The can uoonnectod toe battery of enffimentTeita» 
to saturate the space between the wire and the walla of the can, the 
other tenmmd of the battery being earthed The guard nng O is 
earthed, thus ell possibility of a leak from the ean to the wire is 
qheoknd, and the good madataan of the sulphur comb in e d with the 
low potential difference which usually exists between the wire sod 
O during an experiment stops any leakage from the wire 
The air leek being first taken the sir current u started It is 
observed that the leak in 0 gradually increases owing to the flow of 
emanation into it The leak, however, » not entirely dne to the 
emanation, for, as will be explained later, the emanation causes the 
deposition of active matter on the walls of Oand on the wire The 
leak due to this active matter gradually increases, but m about ten 
minutes attains a maximum which is not very large compand with 
the emanation leak, and keeps practically constant during the test 
of the experiment. Aa soon as the leak is practically steady, the 
tape arc turned off and the pump atopped. The emanation in C is 
thus isolated, and it will be found that the current through 0 
gradually decreases The readings usually taken m snob an experi- 
ment axe the deflection of aj v ldUleaf of an electro cope, or of a 
needle of an electrometer The former deflection uniat be 
lated into voltage, and the latter one ia already proportional to 
voltage The voltage tune curve moat be first plotted, and then by 

the method of differences <*■ current) a current-time 

curve constructed If accurate measureme n ts are taken the cur- 
rent-tame carve will be Toy similar to Fig SIS. The 0 | 


i*\Mn v*mm 


iVJ 

.1 It ii th ( iitmi Alter If * i iitia'r > n- r<% i! » |r*{ 

v <11 I*' 't* i'll M t! e *11(11 r »r i ti. 0 '' Ol'v ill l-o f re*'f r t'-"j 
tlin iifin-l in r lnl. i. fine “o t‘ ■ »*'ur ( Beitimnl 

'J lii" i,;)i i «Ic. i a l'ii» I'll ji.ri'M t« tin nu* <if time 



Tho onlinatea of .1 /? menurv<l from I'D will give the current duo 
to the emanation, nliieli is |iropurlioml to the amount of emanation 
pu-.Mil , 

A cnunl glanco at tho cut ro shows that the mwnsit) ot 
tho ionisation duo to tho emanation decajs to lnlt value in 
about a minute, t e an) ordinate reckoned from CD is half 



mmo-i otiTlT Y 


458 


the nine of the ordinate drawn about a minute earlier 
As before, {he curve u " exponential,” and Ha equation is 


where I, is the value of the ordinate when the tune u 
begun, and £ is the value t seconds afterwards. In the 
case under consideration £ and 1, aze the intensities of the 
i onisation due to the emanation, and are proportional to 
the amount of the emanation. A is of course the constant 
of radio-active change of the emanation 
A clou study of the curve shows that the half value tune 
is 64 seconds; hence from Art 885 y — 698/54 = 018s 
1/76. Hus means that, for thorium emanation, in one 
second 1/76 of the amount of emanation in existence at the 

1 * * S V V V • .V II . 


Badium emanation can be studied in a somewhat similar 


maimer. It is a much more stable gas than the above, its 
half value tame being 8 86 days and y = ^480000. 

Actinium emanation has a very short hfe- ite half value 
tune is only 8 9 seconds 

Radium emanation is produced direct from radium itself 
In the case of thorium emanation and actinium «man«fami 1 
there ore intervening dismtegratum products between {he 
emanations and the thorium and actmrnm respectively (see 


33fio. Badio-activa Changes. (4) The Active 
Deposits.—; It was mentioned above that thorium ema- 
nation deposited a radio-active substance upon the walls 
of the can To study {ha rote of change of this product 
it is best to cause the deposit to be ™ufo on a ' Wire jw 
lnssrtme the wire over some thona m a metal tube After 
a tune the wire is removed and inserted in a testing vessel; 
the rate of change of current in the vessel with fame «nm 
gives the rate of change of the deposit Although no thing 
can be seen on the wire the deposit is intensely active The 
depout may be removed from, the wire by rubbing it with 
glass-paper, in this case the glass-paper becomes active. 
Badium and actinium emanations also produce active 
depouts 
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then a gradual fall and finally after some hours an ex- 
ponential fall mtli a half value time of about twenty-eight 
minutes The middle portion in eaeh case seems to indicate 
a battle between a substance decaying exponentially and 
the fresh production of that substance at an uneven rate 
Fig 5135 depicts the curve for a JS raj examination of 
the same short exposure The /? raj activity is small at 
first, then increases to a maximum in thirty-five minutes 
and then falls several hours later it is falling exponentially 
with a half value timo of about twentj-eight minutes 
Fig. 513c gives the /? raj examination for the longer 
exposure it falls from the start and finnllj exponentially 
with a half value time of about twenty-eight minutes 
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Fig 513c. 

A. careful consideration of all these changes together 
with a mathematical treatment of them shows that thev 
can be satisfactorily explained on assuming three successive 
changes as follows — 

(1) The emanation is transformed into a substance 
called Radium A winch gires out a rays and falls rapidly, 
its half value timo being three minutes 

(2) The Radium A is transformed into a subshmeo 
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Badmm B -which fails to half value mahout twenty- 


(8) The Badium B u transformed mto a substance 
oaM Badmm 0 which grree out a and 0 rays and Ms to 
half ulna in about twenty-one minutes 


and put additional products into the transformations 
Thus the half wine tune for Badium B is now considered 


value being only a fraction of a second These more 
minute details may, however, be neglected at tins stage 
Similarly the activity of elow decay be» been investigated 
and classified as follows — 

(1) Badium 0 is transformed to Badium D, the half 
value tone of which a perhaps fifteen yean 

J 2) Badium D it transformed to Badmm B, the half 
ae tuna of which u about five days 

(8) Badmm B is transformed to Badmm F, the half 
value tame of which is about 188 days Badium F is 
identical with polonium 

Modem work introduces certain extra products mto the 
preceding! them are dealt with m the next section 


336 Sabo active Changes {#) The Hetaholon*. 


->2a 

Ur-*. Ur 


X->Iomna-».Ba 


233 5 On.itcndaan.OB 

nvwofftwon pertain m becoming one atom of Ur X. the nn. 
Raised a particle » an atom of helium (attrnno woght 4), to that 
the Memo weight of Ur XitSSSS -»« 2305 WXnrthlbe 
wpnlsmn of 0 and v roe dimrtoiratei into touan t an atom of 
tint giiet out one n particle, and then radian u reached, i a radium 
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is really a disintegration product of uranium , if a nraninm atom 
loses, as thus indicated, three a particles the atomio weight of the 
resulting produot will be 238 5 - 12 or 228 5 , the atomio weight of 
radium is 226 4 

It should be noted that the loss of a p particle does not alter the 
atomio weight Further, 7 rays nearly always aocompany p rays 

It was early suggested that uranium really broke up in two ways, 
Ur X and Ur Y, and latest work indicates that the full uranium 
transformation is probably as follows — 

a P p o P a 

Ur.! -> Ur. Xi Ur. X, Ur s -> Ur. Y •> lo ■> Ba.; 

The new element — Uranium X, — finds a place in the fifth group 
of the last line of the periodic system , it has been called brenum 

(2) Radvum — Until quite recently the radium transformation 
was considered to be as follows — 

-> a p ->a -+p -+ a p 

Ba. -> Ba. Em 4Ba.A*>Bs B->Ba C -> Ba. D ->■ 

->/J ->■ o 

Ba £ ->• Ba r ■+ 

The disintegration of an atom of radium consists of the expulsion 
of a and p partioles, the result being an atom of emanation This 
change is slow, a quantity of radium decaying to half value m 
about 2,000 years The emanation atoms change by the expulsion 
of a particles and slowly moving 0 partioles into Radium A, which 
constitutes the first produot of the active deposit Only one a 
particle but more than two fip&rtioles are expelled from the emana- 
tion atom in changing into Radium A The emanation being pre- 
viously neutral, this leaves the Radium A atom positively oharged, 
and hence m an eleotno field it at once goes to the kathode The 
whole of the remaining changes now occur in the aotive deposit 
Radium A is very short-lived In three minutes only haft the 
Radium A atoms are left, the remainder having changed by the 
expulsion of an a particle per atom into Radium B Radium ft has 
been called a “ rayless " ohange, but it is not really so Slow- 
moving p particles are expelled, and Radium C results. Radium 
B decays to half value in 27 minutes, Radium C m 19 minutes, 
these, together with Radium A, constitute the rapidly changing 
aotive deposit An atom of Radium 0 gives out a and p particles 
and 7 rays, meanwhile becoming an atom of Radium D Radium 
D slowly changes into Radium B, which quickly changes on the 
expulsion of P and 7 rays into Radium F, which is identical with 
Polonium. The activity of a solid dne to the A, B, and C deposits 
is muoh greater than that dne to the D, E, F deposits into whioh 



lofave, and of these lead u one of the most active 
Tt e»a noticed that the break np of Radium 0 wm s omewhatim - 
nwial, and the suggestion -was put forward that there wn o m wrtam 
roo=e«nra products or that the atom look# up in tiro ddferent 
ways thus — 


BadinmOt 


BediumD 


Radium C, 


or that both conditions existed Latest work indicates that the 
fan xadram tnaufomabm n probably as foflows — 

« g a a fl «0/J P 

Be. -* B* Bm ->-a» A->Ba B-VBa 0, -*■ Ba C,-* 

Ba 0*4 "»» 3>4 s» B 4- Sa T (Polonium) 

Eadium emanation has bees given the same mien A recent 
examination of lead cm from Joac hi m s th a), Morogoro, and Norway 
has yielded leads of apparently 200 406, SOBtHfi, arid 206 'OSS atomic 
weights rsmaetndy (oommon lead = SOT) , these appear to agree 
with Be. G (uranium lead) from Ba S' by the expulsion of an a 
partible Buddy end others hare shown that in. that part of the 
penodio table where evolution of dements is still going on there 
may be more than one element varying somewhat m atamio weight 
The oanainnotL oettsinly u that Be. G u an isotope of lead. (The 


The candusian oetteinly u that Be. G is an isotope of lead. (The 
word isotope means "the same notation ” in the penodio table) 
Modem work on isotopes probably indicates that an element may 
have more than one atotmo weight doe to "atomu snolei “ of the 
same dement end total charge bemg built np m slightly different 
ways (Chapter XXV ) 

The following summarises the nmnmm— roomm g r o u p of radio* 
active changes The first somber bdow each u the atomic weight 
obtained by subtracting from the atomic weight of uranium ran 
the atotmo weight (4) of each helium atom emitted. The second 
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number is tho half value time [y = jeers, d = days, A a hours, 
m = minutes, r = seconds) — 


Ur 1 

SS5 

SXKfy 


Ur X, 

SIS 
21 M 


■+P 


>P 

Ur X, * Ur 2 - 

2SJS ' SIS 

IlSm 4X10V 



Ba 

2Jo5 

ino„( 


->-ajS 


->a 


■ BsSm ■ 

22>5 




Bs A 

21 S 
3m 




Ba B 

214 S 
2# 7m 


>P >P 

Ba Ci -> Ba C- >• 

214 5 214 S ' 

!■> im. 1 4m 


y a ->/3 >■£ >a 

Ba C* >■ Ba P Ba E Ba T (Polonium }-> 

3145 SO 5 SO 5 SOS 

10“®/ 15 S3y *SSd 1S6 d 


>Ffa 

206 5 


(3) Thorium (Fig 514) — The relation between Th X and thorium 
(or perhaps rodiothonum) is verj similar to that between Ur X 
and uranium It has been found that thorium emanation gives off 



Fig 614 


slow-moving 0 particles as well ns a partieles, and possibly Thorium A 
also emits these slow p partioles It has been suggested that the 
final produot in the oase of thorium is bismuth (For latest wow 
see page 466 ) 
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Actmm — The ohanges are very rnmlat to those of 
thorium Aotwium emamtaon has a toy abort life (“hslfTatae" 
17} (For lateat work aea page 466) 

The radio-actare changes referred to in (3w preceding 
are tabulated on page 466 


336a. Badio-actrve Changes. (6) The 
m&tioa of tha Changes.— We hare seen (Art 885) that 
if there are M atoms of a radio-active substance present at 
any instant the number disintegrating m one is 
yM where y is the radio-aotars constant 
Consider now a aubstenoe W fliamfrgmW pro- 
ducing a substance X. be towterfpwdsa&« 

of X due to the decay of W Let y, be the xadio-aotire 
constant of X and let If be the number of atom s of X at 
any particular instant In a small mtarrel of tone dt the 
number of atoms of X which deoay will be yMit, and the 
number winch will he produced by W will he y Mdt 
hence the increase <Uf isgtranby 1 


<Mf = yJIjtt — y,m 

. m w „ 

*ir . . . (i) 

Integrating we get — 


K bamg a constant How at tame t ss 0 there am «« 

Sbi^f 3 retfo ™J i » ^=Owhent=0 Sub. 
satotmg, K = -yJIJy, and we get — 
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where* = y =s — e - ^* 4 

* = [ (7s - 7s)e “ yit + (7i - 7s)« “ y>< - (7i - 7s)« “ ra< ] 

In the above Jf s are the number of atoms of JJX> present 
at any particular instant, 7 i 7 tYs are the three radio active constants 
and M, the number of atoms of V lmtiallj present, 

336b. Radio-active Changes. (7) Explanation. — 
The disintegration theory pieviously outlined is umveisally 
accepted, but a satisfactory explanation will only be possible 
when much more is known about atomic structure It has 
been incidentally mentioned that the rings of electrons 
within the atom are m rotation, and for stability the 
velocity mnst be above a certain value Owing to radia- 
tion and consequent loss of energy the velocity may fall 
below this value when this happens an electron leaves its 
mg, starting an orbit of its own Now the radiation fiom 
a single electron is very much greater than from a nng of 
electrons, so that the energy loss is now much gi eater, the 
stability is less, and an “ explosion ” occurs, a helium atom 
(« particle) being apparently tom from the atom and ex- 
pelled The ejection of this is sometimes accompanied by 
the ejection of the electron (fi particle) which started the 
trouble sometimes more than one helium atom is ejected 
before this electron is finally expelled Of course, after 
these ejections the remainder is a new form of atom, and 
the process continues, the rate of disintegration, however, 
being invariably diffeient — sometimes fastei, sometimes 
slower, but frequently slower for a time once the disorderly 
electron has been expelled Tbe piesent stage of our 
knowledge certainly provides some explanation as to why 
the electron is the " lowdy boy ” m the atomic household 
it provides no definite explanation os jet as to why the 
ejected par holes anpaiently torn fiom the atom aio atoms 
of helium (Art 839) 

337. miscellaneous. Tlie atom is a huge storehouse 
of energy. The electrons arranged within the atom are 
m extremely rapid rotation When an electron (t e a (3 
particle) gets loose and escapes some of the eneigy is wade 
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manifest When an a particle becomes detached mncih 
more energy is lost by the atom With most bodies it is 
very rate mat other an a or a /3 particle gets loom, but 
it is common enough with uranium, radium, thorium, so* 
tmium, and polonium Hence their radio-activity. Most 
of thB energy set free is due to the a particles The escap- 
ing a particles from the interior of a mass of radium are 
absorbed by the outer layers with evolution of heat, and 
hence the radium becomes warm Curie and Laborde 
showed experimentally that radium keeps itself about ¥ C. 
hotter than its surroundings, energy being emitted at the 
rate of 118 grm -calones per hour per gramme of radium. 
During the disintegration of one gramme of radium 
energy is given out equal in amount to that obtained by 
burning 500,000 grammes of coal, bat it takes the radium 
somewhere in the order of 8,000 yean to undergo the 


Kadium exists very minutely but vary widely distri- 
buted throughout the ernst of the earth Strutt hoe 
calculated that the heat generated by dismtegntiaa of 
the radium present in 40 mile* of crust is sufficient to 
keep up Ihe temperature of the earth to its present value 
Incidentally, therefore, all former calculations on the age 
of the earth have been falsified 
The velocity of an a particle can be calculated from the 
di s tance i t will t ravel in air before its ionisation and photo- 
grapmc powers have dwindled to sero. The following 
toMe gives in the first column the greatest distance the a 
parades from the metaholons enumerated travel in air, 
m the second column the initial velocity of these 
particles, and in the timed column the relative of 

energy these same particles carry s— 


Radium 

Radium emanation 
Radium A 
Radium O 
Radium? 


QQL 

35 

433 

483 

7t» 

888 


cm per mo. 
IfiSxlO 3 
1-70 x IV 

1- 78 x IV 

2- 06 xl0» 
162 x 1 V 


24 

29 

81 

42 

28 


Considerations of the *'K” and “L" sene* of <*»•«**. — *. 
radiation, (Art 822) led Rutherford mid RxSo^to^W^t 
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they rajs ft ora radio active matter must consist of thooharaotonstio 
radiations of these heavy elements similar to the corresponding 
radiations obsen ed m ordinary elements when bombarded by a mj s. 
To investigate thiB the y rays were analysed by means of their ab 
sorption by alnmintum and lead In the latter aaso the revs from 
Radium B could be divided into four types, and similar results were 
obtained for all elements emitting y rays , in some oases tho y rays 
corresponded to the obaraotenstio radiation of the “K" senes and 
in others to the “ L" senes From these and other considerations 
it became evident that the y rays corresponded to the natural modos 
of vibration of tho inner structure of the radio aotive atoms 

Fajans has recently indicated that — (1) A radio-active 
element ejects either a particles or jS particles but not both. 
(2) The ejection of an a particle involves a shift of two 
places m the periodic table (3) The ejection of a/3 particle 
involves a shift of one place in the opposite direction to the 
above This seems to be borne ont pretty well At the 
same tame it is worthy of note that since the initial uranium 
is neutral and the final lead is neutral, at some stages more 
than one electron per atom must be expelled , thus in the 
disintegration of uranium there are eight helium atoms 
ejected each with a charge + 2e and sixteen ejected electrons 
are necessitated each with a charge — o intermediate 
products of short life may of course be assumed to account 
for it all The readers of this boob, the rising generation 
of physicists, will have ample opportunity of sorting out 
these problems which are of absorbing interest but— to- 
day — only partially solved 

In the Btudy of radio-activity we have witnessed tho 
gradual "breaking down” of the heavy radio-active ele- 
ments into lighter ones with the ejection of helium atoms 
and electrons, and as tlieie are indications that possibly all 
substances ore "active” to some extent (page 459) the 
suggestion may be made that, on this earth, all matter is 
posubly gradually breaking down into heliam (tho cautious 
physios student will add “and probably hydrogen”) with 
the emission of electrons Now in the study of astronomy 
it is found that the newest (hottest) stars are made up of 
helium and hjdrogcn (and two other unknown elements), 
whilst as older and still older stars are examined, heavier 
and still heavier elements make their appearance Is it 
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possible therefore that m the “earth's beginnings ’’ the 
elements as we know them now were gradually built up 
from these light elements — helium and hydrogen — to under- 
go a gam a gradual breaking down into tbesebght elements 
on rae earth as we know it now P To quote Mr J A. 
Crowthar (Molecular Physics) “The question suggests 

i tself- are the «1«mantai merely a part of a great cycle of 

growth and decay? Is the atom bom, to grow old, decay 
Buddie? Are new atoms being formed m the secret places 
of the universe to take the place of thou that have passed 
away?" 

Time will probably show. 


Exudses nm. 

■action 0. 

(1) Give so account of the various kinds of radiation emitted fay 
a solid oomponnd of radium, explaining how the properties of the 
variant raya may he investigated experimentally (BBo Hons) 

(2) TJevsnbe a method oi determining the quotient of the man by 
the charge of am electro ; 

Show test the teles of tins quotient may depend on the velocity 
of the electron, and describe experimental work dealing -with thii 
*®»t (B8o Bone) 

(8) Give an aooonntof the pnnmpel experiments to which we owe 
onr knowledge of the a portable (B So Hons ) 

W O we ammUineot the theory of the disintegration of the radio- 
asbve materials, end deduce equations showing the amounts of two 
consecutive products present et any tame subsequent to the isolation 
of the higher product (B So. Hons ) 
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Substanoe 

HalT Life 

Rays 

Uranium 1 

5 x 10 s years 


Uranium X; 

24 6 days 


Uranium X, 

1 15 minute 


Uranium 2 

2 x 10* years (T) 


Uranium Y 

25 5 hours 

p 

Ionium 

10 s years 

a ! 

Radium 

1730 years 

o|S 

Radium Emanation 

3 85 days 

a 

Radium A 

3 0 minutes 

a 

Radium B 

26 7 minutes 

p 

Radium Ci 

19 5 minutes 

a(*)j S 

Radium C] 

1 4 minute 

P 

Radium O 1 

10“* seoonds (t) 

a 

Radium D 

15 83 years 

p 

Radium K 

4 85 days 

p 

Polonium (Ra P) 

188 days 

apm 

Xhouum 

1 5 x 10 w years 

a 

Megothorium 1 

6 6 yean 

- 

Meaothonnm 2 

G2houn 

p 

Radiothonnm 

202 yean 

a 

Thorium X 

3 64dayB 

a 

Thorium Emanation 

54eooonds 

a 

Thorium A 

0 14 seoond 

a 

Thorium B 

10 0 hours 

p 

Thorium C, 

60 minutes 

*p 

Thonnm D 

3 1 minutes 

p 

Thorium 0 l 

10" u seoonds [’) 

a 

Aolimum 

200 ycais (*) 

»(') 

Rodioaotmium 

18 88 days 

*P 

rRadioaotmium'] 

00 honra (t) 

a[!) 

Aotuuum X 

11 4 days 

a 

Actinium Emanation 

3 9 seoonds 

a 

Aotuuum A 

0 002 second 

a 

Actinium B 

36 1 minutes 

p 

Actinium C ( 

2 15 minutes 

«/?(*) 

Actinium D 

4 71 minutes 

p 

Actinium G 1 

0 001 seoond 

a 

Potassium 



p 

Rubidium 

— * 

p 










CHAPTER XXV. 


electronic theories and the new 

PHYSIOS 

338. Motion of an Electrified Sphere. Ham of an 
Electron entirely Electrical. — Consider a small sphere 
0 of radios a, electrified and moving m the directum 
OX (Fig 515) with velocity c 
If tins velocity be not large 
we may assume the sphere 
to cony its Faraday tabes 
along with it, undisturbed, as 
shown in the figure As al- 
leady indicated, this moving 
chuge is equivalent to a cur- 
rent, end the magnetics field at 
P due to it is given by the 
expression — p t g 516, 

Magnetic field at P = 

where a is the charge, r the distance of P from 0, and « 
the angle between OP and OX Now the magnetic energy 
per unit volume (medium = air) m a field has been proved 
equal to B*fQtr hence the magnetic energy in a small 
volume iv at P is given by — 

Magnetic energy = g- dv 
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and the total magnetic energy m the whole field surround- 
ing the sphere is obtained by imagining the whole field 
divided up into these small volumes and finding the sum 
of all these values. 



Fig 516 


of radn r and r + di to be 
drawn in the field, the 
charged sphere 0 being at 
>-X the centre (Tig. 516) Let, 
as before, OX be the direc- 
tion of motion, and let the 
radiUB OA make an angle 
a, and OB an angle a -f da 
with OX Now imagine OA 
and OB to revolve about 


OX. The area of the belt on the sphere of radius r which 
OA and OB will sweep out is 

2nr sin a rda, 

for the radius of the circular belt swept out ib ate, vis 
r sm a, and its width o5 is rda The volume of the apace 
between this belt and the outer sphere ib — 

2m sm a ida dr, 

and the magnetic energy in this space is, from the pre- 
ceding — 

I sin. 1 a o , , 

__ — 2irr sm a . rda dr, 

off r 

* 6 T3^ r sm ' a 

4r* 

The total magnetic energy m the entire 
the two spheres is clearly — 

["■X3*” * Bin ' a 


ss —dr . 2p 

& L 


sm 8 a da 
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1 = 5 "?*' 

Hence the total magneto energy in. the whole field 
surrounding the sphere u the integral of this from the 
snrfsoe of the sphere, where r = a, to infinity that is — 

1 f* 1 

Total magnetic energy = -g-siV j dr 
8a 

How if m be the ordinary mechanical mass of the sphere, 
its kinetic energy doe to its motion u $nu>* , thus the 
total energy of the moving electrified sphere is given by — 

“i-'+ir’ 


= i(“+R>‘- 


or it is the same as if the ordinary mass m were increased 

qj 

by an amount g- doe to the charge Thu latter is fre- 
quently referred to as the " electrical mass,” and is denoted 
by2,ie 

I-** 

J -Ta’ 

or to be more general fy^/Sa, where /s u the permeability. 
Strictly, of oonrae, this mass lies not in thebody but m 
the aether . e xperiment ally, however, it is the same as if it 
resided m the former 

Up to this point it has been assomed that the velocity 
is not great and the Faraday tabes undisturbed by the 
motion As the velocity increases, however, the tubes 
tend to set more and more into the equations! region IY 
(Fig 516a), and as this occurs the mass of aetherthey drag 
up with them increases In other words, the electrical 
man is not constant bat depends upon the velocity, at 
any rate, when the latter becomes great, approaching that 
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of light, ie as previously indicated the electrical mass 
in ci eases with ike velocity Theory shows that, more 
exactly, the electrical mass J is given by an expression of 
the form 


1 ~ Ta ( X + 2T 5 + ilgUei P° TOra )* 


where V is the velocity of light, and Dr Abraham giveB 
the formula — 

Electrical mass at velocity v I 

Electrical mass at low velocity T x 




where /3 is the ratio of the velocity of 
the charged particle to the velocity of 
light 

Turning from the question of the 
charged moving sphere to that of an 
electron, J J Thomson conjectured 
that probably the whole mass of on 
electron arose m this way Assuming 
this, writing the expression for I 
above in the form — 


r=TO 


_ 2 £ 

3a 


or 



and substituting the known values of e/m and e for the 
election, we get a = 1 9 x 10 -1 * cm as the radius of an 
electron- this is very small compared with that of a 
gaseous atom, viz of the order 10"' cm 
Again, working with the J3 rays from radium, Eaufmann 
obtained experimentally the numbers given in col umn 4 of 
the table (p 471), for the ratios of the mass of the particles 
to their mass at low velocities Assuming the whole mass 
to be electrical the numbers given in column 3 were calcu- 
lated for the ratios by Abraham’s formula The close 
agreement supports the view that the whole mass of the 
electron is electrical, t e due to the charge : in other 
words, an electron is a disembodied atom of elec- 



ELK0IBOKIO SHBOBIES ASO THE NEW PHYSICS 471 

trlcity fine from association with matter as we 
know it. 



288 x 10“ cm. per mo 
880 x 10“ „ „ 
849 x 10“ „ „ 

2-20 X 10“ „ . 


Hatao by Ratio by 
Formula. Exp 


202 270 

214 209 

880 | 161 170 

■782 141 141 


The question thon arises, An then tao bade of mew or is 
all mass eleotnoel* and J J Thomson postulated the latter, to 
that all mass is eleotncal, due to the tabes carrying forward 
Rome of tiie aether On thu mew all mam la mam of the aether, 
all momentum u momentum of the aether, aQ fcmetu energy » 
iinetao energy td the aether, and farther, amoe the whole mass 
of a body is aQ in the aether, the body u therefore every- 
where, and every body oeonpiea space oooupied by every other 
body. Mathematics shows. how e v er , that tha mass, though everr- 
^hm^ l* intensely localised, for only infant the mass m outside 
i ea an ormnery atom 


a sphere of the 


Diffio nlbei in the above may be briefly indicated. It was early 
snggmtwi that tha man of an atom to the to ite electrons, and tins 
Wyuid ncManUte m round nombea (say) 2,000 in a hydrogen atom, 
whereaareosnt work lndm etei that the number is of the order one 
®» a hydrogen atom and only a fraction (1/2) of the atonno weight 
for other atoms (Art, 839) Of oonres then is in the atom 'the 
pomtne ephwe* w"p«»faTe nnoleua” (Art 889), which must be 
then for Urn atom to be neutral, but about whioh we do not know 
very moan In the ease of the hydrogen atom, if the pontne 
Merge wen on a agtaa 1/2000 of the sue of an electron, the mesa 

■fcSj£2S l S£?""S *"n» 1 «0>«1 taetb. *ra»» 

««ied the aether dong with it or whether the aether was of s ioh 
it. the latter mew was. Si!. — . — of bodies thmugh 


Matave to the aether" they, praobcally, one and all 
tlsnatwns have been given (e g the Lorentz-Fitzgenild 
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explanation of the Miohelson-Morley expenment), but difficulties 
remain The recent German attempt to explain away the aether 
by the " Principle of Holatmty "— that we never shall know 
velocity relative to the aether— bristles with difficulties, and is a 
long way from satisfying as yet All the knonledgo gained m the 
last decade has, however, been a true development in the right 
duration, and work in the near future may dear np muoh that is at 
present obsoure , the key to f nture progress is the answers to the 
asBooiated questions— “What is positive eleotnoity!" “How are 
we to explain aether 1 " 

339. The Structure of the Atom, Van-den-Broek’s 
Hypothesis. Planck’s Constant and Quanta. — The 
periodic law, the study of speotra, radioactivity, etc 
indicate that the elements have something in common, 
and, as electrons, identical in every lespect can be ejected 
from all sorts of matter it ib dear that the electron must 
be a common constituent of all matter 

In a theory of atomic structure due to Professor J J 
Thomson the atom consists of rapidly revolving negative 
electrons within a spheie of positive electricity, the total 
positive charge being equal to the negative charge The 
force of attraction on an electron will vary directly as its 
distance from the centre of the sphere, and, treating the 
problem as a statical one, the system of electrons will be 
Btable if their mutual forces of repulsion balance the 
attraction of the positive sphere The three dimensional 
problem of the arrangement of the electrons baa not been 
worked out in detail, bnt it lias been solved for two 
dimensions, and it has been shown that when the number 
of electrons is large they are arranged in several con- 
centric lings Thus 6 in a nng ib unstable, bnt 5 in a 
nng and 1 at the centre is stable , 8 m a lmg ib unstable, 
bnt 7 in a nng and 1 at the centre is stable, a stable 
arrangement of 30 electrons would consist of 15 m on 
outer nng, 10 in the next nng, and 5 in the central nng, 
and bo on. It has been stated that the atomic weight of 
an element is proportional to the number of electrons con- 
tained in itB atom, and the following table gives a stable 
arrangement of atoms of increasing atomic weight in the 
fourth row there are 4 nngs of electrons, m the third row 
3 nngs, and in the second row 2 nngs in each atom The 
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student of chemistry will see many points of resemblance 
to MeuMeefB penodio classification in fact, many points 
m physics and chemistry can be explained on the lines of 
the preceding atoms, ana so also can the facts of radiation 
if the rotation of the electrons is taken into account, bat 
to go farther into details would take ob beyond our present 
province 



Inter work by Bohr, 'Rutherford, and other* definitely indicated 
that Thomson's positive iphere rnnat ho abandoned and that the mam 
part of an atom u concentrated in a nucleus which has on rt« whalt 
c positive oharga (protons) Some at Ieaat of the electrons are out- 
mde lue positive charge, extending to distances comparable -with the 
diameter of the atom end nrotnag u eateHitee round the 
The attraction on en eleotron m, m this case, inversely proportional 
to the Kjnare of the dietanoe from the nuelena Smee the radius of 
M atom i» of the order 10~* cm , whilst that of the electron n of 
f”? (one fifty-thousandth of the atomic radius), 
and that of Oa ponton nucleus has bean estimated to be in most 
ouee prohsbtyless than that of the electron, it u evident that the 
balk of the atom of matter n “empty space"-— a kind of 
Syetwn m-whioh thei to-celled “material lnnrae" are vmy very 
null indeed competed with the total bnlk Hence it u that a 
hel mm atom or an electron travelling with great speed can so 
stau^t through an a tom, staught ttwagh, m fact, teflOO atafis 
without bttfng anything Hence it m, also, that a heknm atom, 
if only travelling fast encragh, can go through 800,000 atoms w**! 
ontcommg near enough to the strong mmtrte central nndeosof an 
atom to suffer appreciable deflection These facta am shown bv 
Wilson's photographs J 
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stances confirmed the above, and added do9mtes;e*>s to it (Moseley, 
unfortunately, like many more of oar splendid young men, wee 
lolled m the trenches % a Tnrkuk ballet at Gallipoli in the 
mmnderof 1015) The final conclusion u that if the elements In 
Kendeleeffa semes be numbered in order of atomic weight 
(te what is called the" atomic number” IT) these numbers, 
which are approximately half the atomic weight, mil give 
the number of free positive charges on the nucleus and 
also the number of electrons ontmde (> t if K be the atomio 
number -and e the electromo charge the number of free pan tire 
chargee )n the mudeua is N, the total free charge on the nucleus u 
+ iv«, and there are .S' electron, total oharge -Ne, outside) Thu 
new a now adopted (Appendix 2) 

Thu* from the shore, hydrogen has a oentral nueleua with one 
free positive charge e and one revolving electron outside t helium 
has two oentral positive charms ana two revolving electrons, 
lithium hat three of each, beneuum four, boron five, carbon six, 
nitrogen seven, oxygen eight, Ioanna nme, neon ten, and so on up 
to uranium with ninety-two 


_ In a modified conception of the atom due to LewI*eItdLan|rln 1 llr, 
*b• electrons ontmde the nueleua are at rest or merely Mediating 
first two electron* lie on a shall round the nucleus 
eight take up pombans (outside the first two) eoneepanding to the 
ei ght oom ers of a robe Thu* we have a senee of sheUs containing 
cJaaUma o ne ontmda the ether, the successive sheUs containing 
"****$7 18 , S 2 electron* If the outer shell is not 

complete the atom tends to ran with others to complete it^ te then 
n lAranoal union between Asm If it is aomplete, the atom « 
mart like argon aid neon Further details would, however, take 
uptoo nmeh spew hero, and reference should be made to some 
modem work on Phymcsl Chemistry 


mlanw tammy u trom the nest nng, 

e * [uierse ouhes of the natural numbers, tb l. A, JL 
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Fig 516!) 


whilst the longest wave length bne of the 
L senes is due to jumping from 0 to B 
Further, it has been mentioned that an 
electron may be expelled by the direot 
impact of an a or p parbole from outside, 
or by the influence of X-rays, eta it can 
also be expelled by the collapse of particles 
from one orbit to the next Thus Sir 
Oliver Lodge points out that, just as the 
energy required bo thrown planet to infinity 
is double its energy in its orbit; so the energy 
of an electron m its orbit is just that "quantum” of energy which 
must be supplied in addition, u order to bring about an expulsion. 
Now the kinetic energy is inversely as the distanoe of the orbit 
from the nnoleus, so that if the K, L, and if orbits have radii 1, 4, 
and 9, the enenpes will be ns the numbers 1,£, and | Taking, then, 
the oase of an if parbole falling to L, the energy acquired will bo 
$ t e of a K unit, so that altogether A + $, • e. J of a X 
unit will be transmitted, and, this being equal to a unit of L energy, 
will be able to ejeot the L parbole 
The nnoleus contains, os has been explained, a number of free 
positive ahaiges equal to the atomio number that there are also 
electrons inside the nuolens (and, therefore, on equal number of 
binding posibve ohsrges) is indioated by oerhun phenomena m 
radio aotmty To explain these Rutherford supposes that not 
only the a but also the primary p particles are expelled from the 
nucleate ; thus the a parbole, being positive, will have itB velocity 
increased in passing through tho strong repulsion field, whilst the 
p parbole, being negabve, will be impeded in its escape from the 
nucleus, and must, therefore, possess considerable energy in order 
to effect its escape Farther, if a B parbole escapes from a ring 
near the surface it constitutes the high speed p ray emitted without 
the produobon of y rays (Radium £ and Uranium X are illustra- 
tions), while if it escapes from the interior it pssses on its way 
through regions where it gives rise to the produobon of y rajs 
Tho statement that the posibve ohorgo on the nnoleus is equal to 
the atomic number N (• «. that the charge is Ne) is often referred 
to as "Tan den Brock's hypothesis " 

Aooordmg to Bohr the angular momentum of an electron ib con 
stant and given by the expression h/2r, this is spoken of ns tho 
“h hypothesis," A being known as “Planck’s universal con 
stant.*’ 

Planck's “Theory of Quanta ” assumes that not only matter 
but energy has an atomistic structure, at least when flung out into 
space as radiabon , it asserts that a simple barmonio aether waio 
gives energy to matter in quantities of An ergs at a bme, n being 
She frequency The actual magnitude of the quanta is vety small 
The energy of one quanta of rnaiabon of frequency n is An, and tor 
a frequency of one vibrabon per seoond it is only 0 X 10" erg 
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Thu >a Pland’t emitani ; it h as proved a useful constant 
investigations, and although it* actual nature lsnot yetdefined (it 
u an energy divided by a frequency, butm the ft bypoJl»*“ abo £ 
it n regamed aa an angular momentum) it u possible that it may be 
proved to be one of onr fundamental co ns ta n ts 

The Bobs atom re f err ed to above may now be dealt with some- 

b^of^amUonary states" m which then urn emission of energy 
m radiation, (6) ft transition from one of these state s to another is 
aooompaniea by an emission or absorption of energy J the fre- 
qnenay n of the radiation emitted t* given by the expression 


Js«J5i“i 


( 1 ) 


where A and denote the energise of tbs system in tbs two 
stabonary states, and ft la Planck's aonstant (e) In the case of an 
rotating round a positive nucleus the possible stationary 
states are gtvenpy the relation 

fsjfiftn ft 


where T ts the mean value of the kmetia energy of the system, and 
a is a whole number ; if the electronic orbit is circular it is 
shown that this is in agreement with the assertion that the angular 
momentum of the system m the stationary states is an integral 
multiple of ft/Bir (d) In the case of a system oonmitrag of positive 
nuclei at rest relative to eaoh other and eleatrons moving in circular 
(Kbits the angular momentum of each electron round the centre of 
ita orbit is ft/Zr when the total energy of the system is a mumrnun 
For further details the reader shouln consult the original paper 


It has recently been shown (hat Planck’s aonstant may he con- 
nected numerically with the magpetao moment of the " magneton ” 
(Art, 282) Consider an electron moving in a annular mbit of 
radius a with angular \elomty « Its angular momentum mil be 
ma*u j thus ftySr «■ mo s « ana therefore o?a •* ft/2*m. Farther, the 
moment of (he revolving electron will be jeoHj, i e 


ft = 4x — 


Now the magnetic moment of the revolving electron is 02 7 x 10-*, 
end that of the magneton 18 61 xlO -11 ,** one fifth of the former, 

thus 

h » 20r ™ (moment of the magneton) 

An extension of tins to magnetic theory and the stmotnre of the 
atom has recently been made by Peddle Ho considers the atom as 
n AMD E 56 
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consisting of concentric spherical shells of electrification rotating 
ronnd a common avis Consider a uniform positive sphere of radios 
r and oharge jVe moving with angular velocity /S Outside this 
imagine there is a ring of n {from 1 to 8) valency electrons also in 
rotation, and assume the remaining negative electrification to be on 
a central core having no rotation The magnetic moment of the 
rotating sphere mil he faNer'p As we have no definite knowledge 
of the value r=/J it is taken as equal to a % u for a ring electron 
Thus the magnetio moment of the positive sphere mllbe|A r eo t u = 
NehJlOnn, but the moment of the magneton is e/i/2Chrm, so that the 
magnetio moment of the positive sphere mil be eqnal to 2N mag- 
netons Again, the magnetio moment of the ring will be equivalent 
to fin magnetons (the magneton moment is one-fifth of the electron 
moment) Hence the resultant magnetic moment for this atomia „ 
model will be the difference between the SLUT magnetons of the core 
and the fin magnetons of the ring This view is communicated by 
Dr H S Allen, and it oertoimy emphasises that m considering 
magnetic material and atomic models the magnetio effects of the 
nucleus will enter into the considerations 

It has been explained that light is an electro magnetio wave, and 
it is interesting to note, in passing, toe origin of suoh wav es We 
have seen that when an eleabron is suddenly stopped it gives rise to 
an aether pulse, toe eleatrio and magnetic forces being at nght 
angles to each other, and both at nght angles to toe direction of 
propagation. If, instead of being stopped, we imagine the electron 
to execute simple harmonic vibrations to and fro of suitable fre 
quency we have the neaessary conditions for the propagation of 
plane polansed light , if we imagine areular or elliptic vibrations 
of suitable frequency a e have the necessary conditions for the pro 
pogation of ordinary light 

In the sections which follow some simple applications of 
the electron theory are dealt with : the subject is a very 
wide one, bo that a very brief treatment only is possible 

340. The Dielectric Constant (Specific Inductive 
Capacity) and the Index of Refraction. — We have 
seen that an atom consists of some structure of positive 
electricity combined with certain corpuscles or elections, 
and, on the electron theory, the distinction between a di- 
electric or insulator and a conductor is that in the former 
the electrons oan be displaced within the atom hut cannot 
be dragged out of it by au external electrical field, whilst 
m the latter the electrons can bo detached from the atom 
and are quite free to movem the spaces between them 

Consider now a rectangular block of a dielectric placed 
at nght angles to a uniform electrical field (air). Let e be 
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the charge on an electron, a its displacement from its 
neutral position due to the field, F the electno intensify in 
the block, and/ the restoring force on an electron for unit 
displacement The total displacing force on the electron 
u Fe and the total restoring force on it is hence, as 
there is equilibrium, 

F« =fx, L6 0 = ~ (1) 

How let H be the number of electrons per unit volume 
and A the face area of the block The displacement of the 
electrons through a distance a will be equivalent to a nega- 
tors charge of XFAm at one side and an equal positive 
charge at the other, t s will be equivalent to surface den- 
sities of Nte 

The intensity F m the block is due jomilj to the external 
field and the surface densities The former is M) (Art 
88), where D is toe polarisation of the external field (2T= 1) 
and the latter is 4np,ie 4ocNte, their directions are clearly 
opposed, hence 

F = 4m'D — 4nrNxa = irD — -SsriSTe yL .. (2) 

i. *£.= i + *[2W 

■y j 

But if if be the dielectric constant of the block, F — 
4nrD/K, and if n be the mdex of refraction 2T = b?, Tinmen 


£=»>=1 + . . ( 8 ) 

If the dideafeto is a gas the atoms are far apart and therefore/ u 
““■pendantof the density whilst N » proportional to the density: 
u tfits case therefore ( ST - 1) and (n* — 1) are pr op orti onal to the 
density Boltzmann has shown that tins is so 


In the preceding we have considered the ease of a steady 
electrical fidd acting on the electrons in the block, and 
have found expressions for the index of refraction and the 
dieteotno constant To obtain corresponding exp ression s 
m the case of mates of light falling on a substance certain 
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results fiom the “ theory of yihrations " must be assumed , 
these the student will find in any good work on Sound 

Let m be the mass of on olectron m the substance, then, 
since it is acted on by a force fx which is proportional to 
its distance * from a ccntie of force, it will hare a natural 
period of vibration T l given by 

H-sfaVy 

Now imagine a light wave of penod T, to fall on the 
substance The electron will be subject to a periodic force 
e F varying harmonically and therefore given by the ex- 
pression 

cFjSin 2v — 

It will theiefore execute “ foiced vibrations " of penod 
T„ and the displacement x at any instant will be 


x = - 


m / _4r’ 

m T} 

or, since //m = 4s 3 /2’i' ( 

g F a 


F * sm2 irl 


*=- 


in 




(t? ~ 2 ?) 


T, 


sm2ir^.. (4) 


Puttrng now F a sm 2rr 2-m place of F, D 0 sm 2s- -L m 

place of D, and (4) m plow of x. m (2), viz J F= 4arD — 
4arNxe, we get 


J 1 ,, sin 2?r — 


= 4irD„ sin 2 jt — — 


t 


4 rWF. 


sm 2sr 4* 





IS 
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The diflerenoe between the two values of K (and n') — tie one for 
steady fields, the other for light waves— should be carefully noted 
mto latter if T, be great m oomparunu with T x we hare 


K = rfi = 1 + 



1 + 


4rW 


since / — i-rhnjTf j tin* u the axpranum already obtained above 
for steady fields (see also Art 814). 


3 41. Electrical Conduction in Metals. — It has bean 
shown that the conduction of electricity in electrolytes mid 
in gases is effected by positively and negatively charged 
earners called ions. In liquids the ions are free charged 
atoms or gronps of atoms (Art 208) , in gases the nega- 
tive ion is an electron loaded up by having attached to it 
one or more neutral atoms (at low pressures the electron 
throws off its attendant neutral atoms and travels alone), 
whilst the positive ion is an atom which has lost an 
electron. The conduction of electricity m solids is also 
effected by earners, bui the latter tn (his case consist solely 
of free electrons In the absence of an electric flJd these 
electrons travel promiscuously m all directions, and it is 
further supposed that they are in temperature equilibrium 
with the conductor, t e that their mean hmetk energy is 
equal to the mean kinetic energy of the moliw nlwi of the 
conductor, and, therefore, that the ordinary laws of the 
Emetic Theory apply On the establishment of an elec- 
tric field there », m addition to this movement in all 
directions, a drift of electrons in the opposite direction to 
the field (the elections are negative), and this 
the current m the conductor 
How, by the Emetic Theory, 

W = “2 1 (1) 

where m = mass of an electron, T = absolute t em pers 
tare, v = mean velocity of the electrons corresponding 
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to temporature equilibrium with the substance, and a = a 
constant 

Let an olectiic field of intensity B be applied to the 
conductor, between two collisions an electron will be 
subject to a force Be, and its acceleration, / parallel to the 
field will be 


/ = 


Be 

m 


• •• MIM * 


.( 2 ) 


If p be the mean free path, 1 e the average distance 
travelled between two collisions, then the time (t) taken 
to describe this mean free path will be pjv, and the dis- 
tance travelled (d) parallel to the field in this time will bo 

• (8) 


Again, if V be the average velocity parallel to the field, 


F__— Be £ 
t p ~ 2 m v 

and since = aT, i e m = 2aTJi?, 

tt __ Bepv 
4*T * 


(4) 


But if N be the number of electrons m unit volume and 
I the current density, I = NeV, l e 

j _ NBcrpv 


4aT 


( 5 ) 


and, if p be the conductivity, I = pB, i e 
„ _ Nepv 
p “ 4a2» ’ 


( 6 ) 


Hence (1) Ohm's law is obeyed, for by (5) I is propor- 
tional to B (2) Prom (6) p is inversely proportional to 
T, te specific resistance is proportional to the absolute 
temperature (this assumes that the product Bpv is inde- 
pendent of temperature) (8) Differences in conductivity 
of different bodies are due to differences m the number of 
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free electrons (fi), for on the right hand side of (6) ths 
only factor likely to differ very much m different rah* 
stances is N 

Although tits simple electronic theory of ekatneal eoadnelion in 
metals outlined above explains many point* and has many point* 
m its favour, then on, nevertheless, senons difficulties to l>o 
explained May Ooassdsr, first, the number of free electrons 
required to account for the high eondnetmty of most metals- 
Calculation shows that in the com of silver the number per unit 
volume should be of the order 26 X 10*‘, which is about 40 times 
the number of silver atoms , this would mean that each atom of 
miser would hovo to lose about 40 electrons; taking the charge on 
an electron as umty, each atom would have a potitiv e oharge of 40 
units, and the specific heat of ths electrons in unit mass would be 
soni nderably greater than the aatnal spetnfio heat of silver Ihern 
are protelily reasons for believing that the number of electrons 
which can l- .. withdrawn foam an atom of metal under ordinary 
conditions is quite small, so that probably the number of free 
elaafcrans cannot greatly oxeeed the number of atoms. 

Further, other difficulties mast be explained away in connection 
with the variation of xemstanee with temperature. Kamerlingh 
Onnes finds that at the temperature of liquid hehum the resistance 
of certain pure metals is Isas than one-thousond-rmllionth of its 
value itlrO, whilst if it foil in proportion to the absolute tem- 
perature it would only he reduced by ono- ssrouh eth , he also finds 
that an induced current ones atoned in a ring of lead at tins 
temperature huts almost nndimmuhed for two hours, and takes 
shoot four days to fell to half value These and certain other 
difficulties are in a measure met by a modified eleotroma theory of 
conduction in metals due to J J Thomson 


e©e© ©©e® 




Fig 617 . 

Thomson outlines tha t, an atom of the metal contains 
an electrical doublet, which consists of equal and opposite 
charges, the negative being the electron 'When an 
electoral field is applied these doublets Bet themselves m 
chains parallel to the field (Fig 517) The doublets will 

S ive rue to intense electric forces, and electrons will be 
ragged cut of one atom into the other along the 
Thus the field remits in the chain arrangement, whilst the 
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force which drags out the electrons is the force exerted by 
the atoms m the neighbourhood Theory shows that 

T 1 ETrfine 

Jc T-T 0 ‘ 

1 Tpdne 
9 k 'T-T 0 ' 

where It = drift per unit electric foice, A = distance be- 
tween the centres of two doublets, n = number of electrons 
passing along each chain per second, thus p becomes 
infinite (resistance zeio) when T — T 0 The deviation 
from this, as shown by the experiments of Onnes and 
others, is brought out by a more accurate mathematical 
treatment Further, the part played by the electric force 
is the forming of the chains, and theoiy shows that below 
a certain temperature the electric force may he removed 
and the chains will remain, and electrons will still be 
moved by the forces exerted by the neighbouring atoms, 
i e the current will continue to flow, as waB found in the 
lead ring experiment of Onnes The possibilities of this 
modified theory of Thomson’s ment a more detailed con- 
sideration than they have hitherto received, but space for- 
bids their further treatment here 

342. Thermal Conductivity. — The dose connection 
between electrical and thermal conductivity in metals is 
shown by the Wiedemann and Franz law, which states 
that at a given tempeiatuie 

= A constant 

Electrical conductivity 

and is proportional to the absolute temperature Consider 
now a metal rod AB, A being at a higher temperature than 
B. According to the Emetic Theory the conduction of 
heat from A to B was due to molecular colhsiouB , the 
molecules coming from A possessed greater kinetic energy 
than those from B, and in a colhsion the energies tended 
to be equalised, so that the B molecules gained kinetic 
energy whilst the A molecules lost kinetic energy, and 
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beat WHS therefore transferred from A to B. Tha&ss,^» 
Kinetic Theory of gases proves that 

n-2^ W ' ~ 

8 * A 

where Q u the quantity of 

through a partition of unit area wad thickness t, and where 
IT. istha mean kmetio energy of a molecule on the not 
nde and W. that on the cold nde of the partition 

Now, in the light of modem work there is every reaso n 
to believe that the electrons in tie metal are the essential 
a gents in this heat tra n sference Applying, them, tea 
above, we hare 


IF, = imc,* = aT, and W, = W = 
where 5P, and T, are the absolute temperatures , hence 


p, v, and 2T ha’ 
if Jibe the’' 


the same iu«w™"g es m Art 841, and 
conductivity 


fa 


s s~’ 

foS a 

Thermal conductivity 8 

' ~ Nt’pv 

~4riT 


that is, the ratio is independent of the metal and is 
proportional to the absolute temperature { this is fhe law 
of Wiedemann and Frame AH the quantities are known, 
and, substituting the values m the equation, vre find that 
the ratio at 18° 0 is 6 8 x 10® and the temperature co- 
efficient S66 per cent Experiments give the following 
results, which bib m dose agreement* — 
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Valeria! 

eanductlrltr 

Fleetriesl 

Temperature 
Cue indent of 
thU ratio 
Per cent. 


conductivity 

•tlPO 

Copper, pure 

0 05 X 10'® 

039 

Silver, puns 

0 80 X 10« 

0 37 

Gold 

7-27 Y 10'® 

030 

Niokol 

0 99 x 10»» 

0 39 

Zmo(l) 

7 0» X 10'® 

033 

Zino (2), pure 

0 72 x 10'® 

038 

Lead, pure 

7 10 x 10»® 

040 

Tin, pure 

7 35 x 10'® 

034 

Aluminium 

0-30 X 10»® 

043 

Platinum, pure 

7 63 x 10'® 

0 46 

Iron . . 

8 02 x 10'® 

043 


These and the results of Art. S41 indicate that in metals the 
current and at least the greater part of the heat are earned by 
elcatrons , in the latter case the atoms, by collision, also play a 
part 


343. Thermo-Electricity. — Consider two metals A 
and B in contact, and let the number of electrons per unit 
volume of A. be greater Ilian the number pei unit volume 
of B, bo that tho pressuie of the electrons in A. is greater 
than tlie pressure of those in B Electrons will pass from 
A to B (mating B negative and A positive) until the 
difference of potential produced prevents any more elec- 
trons passing from A to B , thus we have a simple ex- 
planation of the P.D arising from the contact of metals 
Again, if an external F.D be applied to the junction so 
that a current flows the Pelher effect comes into existence, 


and if P be the Peltier coefficient P ergs of work will be 
done m the tronsfeience of unit quantity across the junc- 
tion If and JV, be the concentration of electrons in 
the two metals (i e number per unit volume) the charges 
per unit volume will bo N x e and N& and the volumes 

corresponding to unit quantity will be and -—respec- 
tively Fnrther, fiom the Kinetic Theory, the pressuredue 










mscrwHio tbiobibs isd ths sbw phimcs 48? 
to the electrons per mat volume u given by the expression. 

therefore be 
work done m 



This mves the relation betw een the contact difference of 
potentiUt the oonoentmtum. of the electrons, the electronic 
charge, end the te m perature From known data the ralao 
NjN t cam be calculated from the above; far copper and 
anc it ia about 1 03, for bismuth and antimony it is 4 

The Thomson stfwt can be pertUHy explained. Consider the 
end A of e oondnotor to be et a higher temperature then the end B, 
and let a current daw from A to B Bum the planers dee to 
electron* u given by the energy of the deahronsinthsoon- 
dnotar will be lnotssKd mace they more from parte at e lower to 
part* at a higher pressure (electron* ore Mgatiei) j the* there will, 
os Ho* account, be e heating effeofc At ths wee tone, the 
electrons will be earned ont of the o on dnot or at A, a kero their 
kmetio energy u greater, and into B, where their bnebn energy is 
tastfcmhaitoig to a owing effort Tffhiefe of these two effsota la 
greater m any ease, u> that the can of the Thornton effect may be 
predicted, eon only be settled fey farther knowledge 
Connected with the above a the effect produced when one part id 
s conductor i> suddenly bested 33m inoresNs the pressure of tbs 
deotroaiw that pert, they ruh to other parts and the effort of 
the charge* they carry u to setup potential ddforonm , hero again, 
however, farther knowledge u required in order to explain obsensd 


J = | 

muL m tbs ease under coumderatum mil 
fnf^TMid JeJN^T respectively Hence the 
tr ansfer ring unit quantity u given by 
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344. Conduction in a Magnetic Field. Tito Sail, 
Ettinghausen-Hernst, Ettinghausen, Lednc, and 
Longitudinal Effects. — The Hall effect was discovered 
by Hall in 1879, and may be briefly described as foliowB 
If a current passes between two points, P and Q, in a thin 
metal plate tbe bnes of Sow diverging from P converge to 

Q as shown in tbe diagram 
(Fig. 518), and the eqtri- 
potential bnes, everywhere 
at right angles to the lines 
of flow, run as indicated 
by the dotted bnes m the 
figure. If this thin plate 
carry in g a current be 
placed m a magnetic field 
with its plane at right 
angles to the field it is found that the system of bnes of 
flow, and therefore the equipotential lrnes, suffer distor- 
tion. The points P and Q remaining fixed, the bnes 
appear as if rotated round the direction of the magnetic 
field as an axis _ Looking along the lines of force the 
system of bnes is deformed as if twisted to the right m 
tellurium, iron, zinc, and antimony, and to the left in 
bismuth, nickel, and gold. In tbe former the effect is said 
to be portfire and in the latter negative 

Exp. The effect is demonstrated experimentally by noticing the 
displacement of an equips tential line. If the pointy* be connected 
to one terminal of a sensitive gal\ anometer it is easy to find another 
point q at the same potential as p by adjusting the position of the 
point of contact with the other terminal until no current passes 
through the galvanometer. Let this adjustment be made before 
placing the plate in tbs magnetic field. It will then be fonnd that 
when the p’ate is placed in the field a enrrent at once passes throogh 
the galvanometer, indicating thatp and q are no longer at the esme 
potential. If the eqnipstential line initially passing through p and 
9 be suppmed to be rotated to the right by the action of the field, 
the point p evidently passes into a region of higher potentialand o 
into one of lower potential than at first, and the current in the gal- 
vanometer will be from n to j If, however, the equipotential line 
be rotated to the left the current will be from q top Hence, toe 
direction of the current in the galvanometer indicates the sense ot 
the distortion of the lines of flow and toe magnitude of tbe current 
indicates the extent of the distortion. 
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H e denotes tbs difference of potential thna produced 
between two points equidistant from P and Q by a field of 
strength H, m tbs esse of a plate of thickness t carrying a 
current I it is found experimentally that 


e 



where A is a constant under given conditions 
effect is very marked in bismuth and tellurium 


The Hall 


The electronic theory snpplie*, at present, only & partial explana- 
tion. In Fie BIO 1st I"be the direction of the current A a jP to Q) 
Mid ff the direction of tho «m gn»fa<» field The eleotrons, being 
negative, will be moving in the direction Q to P, and an application 
of tho roles given mprmiou* pages 
anil show that the magnebo field 
w ill rosult in the electrons being do- 
fieated upwards so that putts 
lower potential than q, and the mgn 
of the Ball effect is that found in 
tnemuth , this does not aoconnt for 
the Hall effect with reversed ago. 

(e.g antimony) On the other hand. Fig 619 

u positive camera oonld also tie 

imsgmed moving bom P to Q these also would be deflected up- 
wards, tending to make p at a higher potential than q, and both 
signs canid be aooountea for according os to which of tho two 
etteaU predominated The mom objections to the loiter idea are 
(1) the charged oomert most be the same in aQ metals, and whilst 
this lathe asm with electrons the “ universal positive partible” has 
not yet been definitely found, (2) the positive particles found so for 
are of atomic dimensions 

Consider again Fig SIS, but instead of a onrrent let heot be flow 
mg from P to Q The electrons from the end P will have more 
energy and higher velocities than those from Q and will be more de- 
flected by tho magnetao field Since their direction of defleobon is 
downwards tho result will be that the face q will be at a lower po- 
tential than the faoe p Experiment proves that this is so, and ltu 
known as the XHftmglwuusmi’ireRuri; effect 

Again consider Fig 619 with the onrrent flowing from P to Q 
The electrons moving upwards eoqmre increased energy doe to tins 
motion, part of which is communicated to the molecules there, with 
the result that the upper faoe becomes at a higher te m per at ure than 
the lower bee Experiment proves that this » so end it » known 
as toe Ettmghayjtgsn effect. 

Cosstdor again Fig 519, but instead of a current let heat be flow-' 
mg from P to Q For the reasons already gnen toe elections 
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moving downwards will causa the lower faoe to bo at a higher torn 
peruture than the upper face, since they have greater rolooities then 
those moving upwards. Experiment proves that this is so in some 
ibjsUms, but opposite m other metals , it is known as the LeSuo 


It should be noted that* whilst the first and last effects have re 
vowed aims, all metals show the second and third effeota as indi- 
cated m theory 

It » evident that the Irmuvu ae ejecta indicated above will result 
in longitudinal gieete, 1 e effects parallel to the original current and 
flow of heat Thus m the Hall effect (say m bismuth) tho path of 
the eleotrons becomes curved and it is easy to deduce that the final 
result is a reduction in the current flowing , this is equivalent to an 
inoreaso in the apparent resistance of the bismuth, ana this has boon 
used for the measurement of magneto fields Tho following briefly 
summonses «ie transverse and longitudinal effeots, the reader will 

himself ou4 ^o kttor, on tho lines already indicated, for 


Transvcrso 

Longitudinal. 

Hall effcot 

Ettinghouson-Nernsfc effcot 
Ettmghauson effcot 

Ledua offoot 

Variation in oleotneal oonduotmty 
Differonoo m potential 

Difference in temperature 

Variation in thermal eonduotiwby 


The explanation of the Hall offoot on Thomson's theory of cun- 
auction in metals would bo bnofly as follows Imagine a donblct 

J? 1 ® 1 ® 0 " 0 ® 4 8n _ onB E®* of *ta centre, so that tho two ohnrgos mo\ e 
with different velocities Tho offoot of a magneto field will bo to 
incline the axis of tlio doublet to tho plane containing the elcotno 
and magnetio fiolds and there will bo a flow of electrons at right 
angles to both, the direction of the flow being determined bj that 
end of the doublet which mores the qniokor , thus weharo the Hall 
effcot with ciwer sign There are still, however, difficulties with 
this explanation 

345. magnetism. — The molecular theory of mag- 
netism has heou fully dealt with in Chapter I , but it will 
be noted that the theoiy accounts for paramagnetism (and 
ferromagnetism) only, not for diamagncti$m Weber was 
tho first to framo a theory of diamagnetic bodies, nnd 
Maxwell gives this theory somewhat as follows Imagine 
that the molecule of the substance is a ^perfect conductor 
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of electricity. When placed in the magnetic field doe to 
(my) an inducing magnet, induced currants are formed in 
each molecule, and them tend to oppose the motion (Lena's 
law) These molecular currents act like small nm gnwhi 
whose poles are, therefore, turned towards the like pole of 
the inducing magnet, and since they flow xn a perfect con* 
doctor they will continue to do so until they are wiped out 
by equal and opposite induced currents due to the aestruo- 
tion of the field These induced currents thus provide the 
necessary explanation of diamagnetism; up to this point , 
then, a body is paramsgnetia or diastagnocio according as 
to whether the effects dealt with in Ait 8 are or 

less than the affects due to the induced currants 
We have seen that Ampere postulated nrrrrgnfa, flowing 
round perfectly conducting circuits in the mnlpmTM, and, 
fuithar, that m a magnetic field these circuits set t he m- 
selves so that, for example, them “clockwise” di rection 
was towards the north pole of the manning m pd: At 
the same tarns these perfectly conducting diuuits provide 
the necessary paths far the Maxwell manned « nrn«rt« map. 
turned above, a hody is, therefore, paramagnetic or dia- 
magnetic according as to whether the effect of the original 
or the induced currents is the gnwtmp - 
Ths electronic theory of magnetism 3a a continuation of 
the above Electrons moving m dosed orbits within the 
atoms take the place of the Amperean currents in perfectly 
conducting circuits, and the alteration which, at ti mile seen 
presently, u produced »n these orbits by the mduemg field 
takes the place of the Maxwell induced currants , a body u 
pa ramag netie or diamagnetic according as to whether the 
orientation of the orbits tn to the necessary direction or the 
oUeratun in the orfctfg due to the magnehc field produces 
the predominating effect ” 

ijor simplicity we Bhall assume the electrons moving m 
oircles whose dunes are perpendicular to, and axes in the 
toectaott of, the inducing field, and shall show that the 
alterataon m the orbits due to the magnetic field leads to 
tba phenomena observed in diamagnetic bodies La the 
more general rase the motion of the electrons conld be 
resolved into three components, a linear motion in the 
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direction of the field and two equal and opposite circular 
motions m a plane perpendicular to the field, but the 
general principle will be equally well illustrated by the 
simpler treatment 

Consider the electronic orbit and the magnetic field to 
be as indicated in Fig 520 Before the magnetic field is 

put on the centrifugal force 



towards 0 and proportional 
to r,, ie by a force equal to 
(say) fr v where r, is the 
radiuB of the orbit, hence 


Fig 620 


wf 


-fry 


When the field is on, the force due to the field is Set 
and is directed outwards along the radius, and, Bince the 
motion of the electron is perpendicular to the forces, v is 
the same If r, be the radius of the new orbit 



V t* wr,’ 

(f, + He 

or approximating, by putting T x + T t = 22\and 


T,-T. He 
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How, a oharge e moving in a ouule of awa ft ia penodio 
tana I is equivalent to a current e/T, and the magnetic 
moment of the orbit w eo /T Thus the moment m the 
first case is ea/Tj or and m the second case vr;*)T v 

sad ihe change m the moment is 20 ' ^ there 

are N such orbits per unit volume, then, since the induced 
intensity (I) is given by the dongs m moment per unit 
volume, 

or, since rjr % — TJT V 

„ MSAi 
~ 4am' 

and, if is be the suacepfabilrfy, 

„ _ I _ SWa 

r~~4sr 


Thus k is negative, as is the case ■with, a diamagnetic 
body A more exact treatment (see above) would merely 
introduce a small factor to the right-hand side 

There is no limiting value to I for diamagnetism, for it 
is proportional to the field JET On the other hand, a para- 
magnetic body will be saturated when all the orbit* are 
turned into the proper direction, and this maximum in- 
tensity is IfeafT 

&oae diamagnetism is dna to int era t om ic actions it is reasonable 
to expert it independent of temperature , the ferromagnetics of Art 
8, on (heartier hum, probably mi olre orientation of atoms and mdl*- 

h a raoaat communication by EstanUS^e feraomamieUo 
molecule is nearly spherical, the paramagnetic elongated, aim the 
transformation of a ferrouiagnetio mto a paramagnetic at high 
tempera turn a explained at the remit of the gradual flattening of 
the spherical molecule 


34 6. Magnetism end light. (1) The g emm a 
Effect.— Zeeman discovered in 1896 that if a source of 
light producing lme- spectra be placed m a magnetic field 
ax Aim s. 57 
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the hues were resolved into doublets or triplets or even 
more complex arrangements , this is known as the Zeeman 
effect. 

To consider the simplest case when the source was viewed 
m a duection at right angles to (hat of the field a triplet was 
produced, the middle one which occupied the undisturbed 
position being plane polarised, the electric displacement 
being parallel to the field and the outer two being plane 
polarised in a direction at right angles to the middle one 
When viewed along the dn ection of the field a doublet was 

S reduced, the' two being circularly polarised m opposite 
irections. 

The electronic theoiy affords a satisfactory explanation 
of the Zeeman effect Suppose we are looking down on 
an electron revolving in a counter-clockwise direction in a 
horizontal plane If a magnetic field, acting vertically 
downwards, is produced by a magnet, then (Art 170) the 
orbit of the electron will expand The linear velocity of 
the electron, however, remains constant, with the result 
that a smaller number of revolutions will be made per 
second By similar reasoning an electron revolving in a 
clockwise direction will have its orbit diminished m dia- 
meter, and will therefore make a gi eater number of 
revolutions per second The orbit of an electron revolving 
m a vertical plane (t e a plane paiallel to the magnetic 
field) will not be changed in diameter 
Now the emission of light by (say) a glowing gas is due 
to the motions of electrons , the number of revolutions 
per second will determine the number of wares produced 
per second. For simplicity consider a single electron 
All possible motions of this electron can be resolved into a 
linear motion along the field and two opposite circular 
motions at right angles to the field Imagine now the 
light to be viewed in the direction at right angles to 
the field The linear motion along the field will send ont 
Yibiations parallel to the field and of the original period, 
say IV so that the spectroscope will reveal a line in the 
undistuibed position, plane ponsed, the vibrations being 
parallel to the field. The two circular motions at right 
angles to the field .will send out linear vibrations in that 
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direction, arnce it is their own plane, hot as the circular 
motions are opposite the period of one will he increased to 
T v that of the other deci eased to T v by the field. Thus 
the spectroscope will reveal two additional lines, one on each 
aide of the undisturbed line, corresponding. to the aug- 
mented and diminished frequency tsepeetsrdy , these 
additional two are plane polarised, the vxBxations being at 
right to the field From Art 845 it follows that 
TjSuad T, differ from T 0 by on amount given numerically by 

^ T,*, hence 

T >~ T ’ = + £~- T o'- 


Now imagine the light viewed m the direction of the 
field The hnear vibration along the field gives no waves 
in that direction The two opposite circular motions at 
right angles to the Said will lesult in the emission of 
opposite emralarly polarised hght m the direction of the 
field The Bpectrosoope will therefore reveal two lines only, 
one on each side of the original position, and the light in 
them will bemrcularly polarised m opposite directions 
The equation above may be expressed m tenns of the 
wave length 7 , arnce 7 = 7T, where 7 is the velocity of 
light, substituting wa get 


TCi 



a_ 

m 


H 1 

?• 


Now 7 it 7 „ and S are quantities which can. be 
measured, and hence e/m can be determined , thus in the 
case of the triplet with mercury vapour it has been found 
that e/m =lo x 10 ’, which is in dose agreement with the 
valve found for kathode rays (1-77 x 10*) and farther 
supports the electronic theories given in tins *nfi preced- 
ing chapters 


347. Magnetism and light, (a) The Faraday 
and Kerr Effects. — In 1845 Faraday found that when 
dense lead glass was placed in a magnetic fi eld it ac- 
quired the power of rotating the plane of polarisation of 

VUBE , 57* 
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a beam of plane polansed light; this is known as the 
Faraday effect. 

Mach work has been done on this rotation of the plane 
of polarisation in a magnetic field by Terdet (1852), 
Gordon (1877), Becquerel (1877), Rayleigh (1885), and 
later by Rodger, Watson, and others. It is now known 
that most substances exhibit this effect, and it is well 
marked in bodies having a high index of refraction for 
light; in dealing with metals very thin films most be used, 
but the effect is very pronounced in the case of an iron 
film. 

The amount of rotation depends upon the material, and 
is also proportional to the component of the field intensity 
parallel to the direction of the beam Hence, for a given 
substance the rotation is a maximum when the directions 
of the beam and the magnetic field are parallel, and zero 
when they are at right angles. The direction of rotation 
is, however, not reversed by reversing the direction of the 
beam 

In experimenting, the substance may be placed between 
the poles of an electromagnet, or more satisfactorily m 
the interior of a long coil, and a beam of plane polarised 
light passed through it parallel to the direction of the 
field. The amount of rotation produced can then be 
measured by a polarimeter in the usual way. The amount 
of rotation is proportional to the length of the substance 
traversed, and as the sense of the rotation is not reversed 
by reversal of path, it has been 
found convenient to increase the 
length of path by multiple re- 
flexions, produced by silvering 
the ends of the piece of substance, 
as indicated in Rig 521 The 
Fig 531 amount of rotation also depends 

upon the strength of the field, 
and results show that the general law of the phenomenon 
is that the rotation of the plane of polarisation along the 
path between any two points is directly proportional to 
the difference of magnetic potential between these two 
points That is, if P denotes the difference of potential 
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between any two points, and 8 the observed lotation of the 
plane of polansafaon due to the transmission of a beam of 
plane polarised light along the line joining the points, then 
8 = TP. 

where 7 is a constant depending on the material 
This law was enunciated by Yerdet and is known aa 
Yerdet’a Law, and the constant 7 is known as VerdeVa 
constant. The value of 7 vanes with the wave length of 
the light and is approximately inversely proportional to 
the square of the wave length 
For all diamagnetio substances the direction of rotation 
» the same as that of the current which would produce 
the m a g n eto n field to which the rotation is due For para- 
magnetic substances it is in the opposite direction 
For pure carbon bisulphide the value of Yerdet’s 
constant at f 0. is given by 

7i = 7. (1 - 00104* - 000014?), 
7,benmequalto 0043' 

In 1877 Kerr discovered that the plane of polarisation 
of light was rotated by reflection at the polished 0 f 

a magnet] this is known as the 
Kerr effect. 

Kerr's method is shown m Fig. 

523 A plane polarised beam fro m 
the Bicol prism A is reflected by 
the mirror (un silvered) il t unij pass- 
mg through the opening m the 
•oft iron block J fall? vertically on 
the magnet pole N ; here it is re- 


VigJBS2 


dark the magnet is not excited , on excitmg the 
“8 k t appears and is extangmshed again on 
rotating B. Kerr round that if the plane of polarisation 
is parallel to the plane of incidence the rotation is in the 
nme dnecaon as the magnetising current 


- ^ — — j- i la on ft- 

lysed by the Nicol prism B The 
zucoIb are crossed and the flaM is 
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tion may 1» rcynnird as rcrohHi into two opposite circular vibra- 
tion*, the rrhtn e p!m«ei retthng tlae piano of pohn'ntton lien 
the field m on the circular orbit* are nit'-ml, the period of one being 
augmented, tho oilier diminished, nrnl the index of rrfmetmn foe the 
two component in therefore not the name The nlimc phve on 
emergence is thireforc altered ro that thej combine M» form a plane 
polamed beam who"e plane of polan'atmn is "rotated" The 
reader nhould thin) thin out in detail for himsrlf, for therenro many 
intermediate pom to, dealt with In tin* nnd prowling chapter*, 
which are omitted in thm hnef nummary 
Tins rotation of the plane of polamation mat bo tred in measur- 
ing a current. Let the current to b" measured be pawed round a 
uniformly wonnd eolenmd hating n turns p*f unit length Then, if 
tho rotation prodnts d by a column of carbon bisulphide, of length f, 
placed in the interior of tho eod with Its length parallel to the axis 
of the coil, bo denoted by t, we hate 


3 = VP or, since P — 4mf/, 

l = 4zvlir. 

That is 

j _ * 

4ZZP’ 

and / 1* determined if 1’ie Lnowu and «, f, and t aw ohserted 
In 187fi Kerr diseorcred that a dielcotno when subjected to 
electrostatic stress became douhlt refraotmg and contcrtcd wane 
into elhptically polan>cd light , this also is epol cn of as the "Kerr 
uHcot," 


348. X Bay Diffraction and Crystal Structure.— 
Tlio nbcenco of regular reflection, refraction, etc. earlr 
obserted in tbo case of Biintgen rajs, was ntfribufed bj 
Schustor as being duo to tlio shortness of fclic ware length 
— a view winch modern work certainly upholds 
In some recent experiments bj iiaue, Friedrich, and 
Snipping a fine pencil of X rajs was passed through a 
thm crystal slip, thence impressing itself on a photo- 
graphic plate, nnd Fig 523 dmgrammatically represents 
the result in one case— that of a crystal of sane blende 
Bound the central spot a number of other spots ate 
symmetrically arranged, tlio arrangement retying with the 
structure of tho crystal , 

Tho effect is duo to~ tho diffraction of the rays by the 
atoms of the crystal Tims consider the rays falling on a 
piano containing atoms a certain amount of reflection by 



ZUCXBOBIO IHBQBH5S JJTD WEDS HJSW PHTBIOS 4i99 

tha atoms *nmuw imagine a second plane of atoms 
behind the first and parallel to it • the primary, weakened 
m its passage, ib again 
partially reflected by the 
atoms, and so on The 
reflections from two dif- 
ferent planes may on re- 
joining either reinforce 
or destroy each other 
They will reinforce if 
the waves exactly fit, 
crest to crest and trough 
to trough, and this will 
be so if the distance 
"lost” by a reflection 
at one plane m compari- 
son with a reflection at 
the preceding plane Is 
an integral number of 
wave lengths Mathematically it can be shown that the 
condition for reinforcement in the oase of two parallel 
planeB of atoms is expressed by the relation 




where d is the distance between the planes, y the wave 
length, 0 the angle of incidence, and N an integer, thus 
reinforcement depends upon the spacing of the planes, the 
ware length, and the angle of incidence The explanation 
of the Lane photograph is, therefore, that the different 
series of spots are simply reflections under suitable con- 
ditions in the different senes of planes containing the 
atoms of the crystal 

Bragg, continuing this work, used the X ray spectro- 
meter (fig KMj) The X ran paaa through botes m the 
lead box B ana lead plate P, and fall on the crystal (7, 
winch is mounted on a table T, capable of rotation , Sis a 
slit leading the reflected rajs to on ionisation chamber I. 
In experimenting T is turned to various positions sad the 
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angle 9 and the ionisation noted. Clearly, by using the 
sama crystal, the radiation from various X ray bulbs may 
be examine d, or by using the same rays the spacing of the 
atoms of a crystal in different directions may be examined 
and crystal structure investigated Thus, for example 



Bragg concludes that in the case, say, of sodium chloride 
crystals the diffracting centres are in cubical array (nig 
525), the black dots being sodinm atoms and the white 
circles chlorine atoms For further details the student 
ehould consult the original paper of Professor 'W H 
Bragg. 


Exercises XXXV. 

Section 0 

(1) Wnte an essay on the application of the electron thee®? to 

the explanation of electno conductivity (BE Hons) 

(2) Explain why there is an apparent InoreasB in mass prod need 

by charging a body tnfch eleotrioity (BE Hwa) 

(3) Give a short account of thB Zeeman effect and of ^explana- 
tion on the electronic hypothesis (B* iitra ' 
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(4) Describe the Hall effect, and disease the theory -srhioh has 
been adeaneed to account for it on the hypothesis of electrons. 

[BE Hons) 

(8) An electron of mass 10”** grammes rotates 6 x 10 M tames a 
aaoond round an atom supposed to be at rest; find the tone with 
which the electron most be attracted to the atom m terms of the 
radios of its orbit If the atom has a positive charge of HIT 1 * 
electrostatic mute and the electron an equal negative charge, 
calculate the radios of the orbit, assuming tut the attractive force 
is purely the farce between the charges (BBc ) 

(6) Give a short account of the effects of transmitting light 
through a magnetised material, and of reflecting it from the snr&oe 
of a magnetised body (B Bo Hons:) 



APPENDIX. 


1 Solid Angles —The expression employed m (4), page 96, for 
tibe solid angle subtended at P (Fig 91} by the mroular shell AB 
may be readily found as follows — 

Consider a sphere and its a reunucrtbtng eylmda (t e let the 
sphere have a cylinder drawn about it, the base diameter, and 
height of the cylinder, being therefore eaoh equal to the diameterof 
the sphere!, and imagine a senes of planes parallel to the ends of 
the cylinder, suoh planes dividing the surface of the sphere and the 
lateral surface of the qylmder into tones , the area of any zone of the 
sphere is equal to the area of the corresponding zone of the cylinder 
Now consider Fig 61, and imagine a sphere with centre P and 
radius PA The area of ti» segment out off by AB mil be equal 
to that of the oonespondmg rone of the oj Under The oironm- 

ferenoe of this rone is 2tAP, i t 2ir(a s + r 5 )^, and its width 
is (A? -*),»« (** + r*)^ - x , hence its area (and therefore that 

of the segment cut off by AB) is 2 b-{* 4 + r 2 )^ {{r* d-r 3 )^ - *} 
Thus — 

a _ Area of segment _ 2«-(s ; -f rfe {(a 8 + r*j* - a;} 
(Radius)* (*'- + *“) 

= ? d£±l&£*l m t r f 1 • ' \ 

(*» + r»)* V (**+r»)*/ 

= 2 ir (1 -oo s$) 


602 
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8. She Number of Electrons in in Atom. — Reference 
has been made m Art. 839 to Rutherford, Men den and Geiger’s 
trade on the determination of the number [N] of free positive 
charges in the nuoleua of on atom, and therefore the number (N) of 
electrons on tads the nucleus As these results are now aooepted, 
a imy brief note an the “mathematics” of the investigation may 
be of interest to the student (See PhR ITag xxi (669) and xxv 
(604)) The treatment below it a modification of Prof. Millkan’s 
Consider an a partible rushing straight on to a nucleus, getting 
to ite nearest distance x from the centre of the nucleus, and then 
being deflected through 180° hack again along its line of approach 
Evidently the original kinetio energy of the a partible must he 
equivalent to the work done in moving up to distanoe x under the 
repulsion of the nucleus, i e 


§mu* 


_ A T «(2e) 
m 


where jmu* = anginal kinetic energy 
of a partible, + Kt — total nunleoa 
charge (e e electron oharge), and 
2s is tbs known charge on the a 


Now consider the a psrtaole rush- 
ing not "straight an" to the nucleus 
A (Fig 620), but as mdioated m the 
figure where the a particle is defleo. 
ted through an angle p In this cose 
if v he the velocity at B and u the 
velocity originally, our energy ex- 
pression becomes 

jmu» - Jots* - - Ne &) 



Fig 626 


( 8 ) 

where 2> » ALB 

By well known properties of the hyperbola, the eooentrimty s is 
equal to — - — (Fig 688) and AO m tOB; hence , 

COS B 

D-AO + OB-AOl 1 +1) - -L_(l + coss) - t + 

s / mu a \ sin a / 

t.e D m l cot %. rst 
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and from elementary mechanics (eon»cr\ ntion of momentum) — 


Dv = hi 

Now from (4) P = /)* ^ , and from (1) and (2) it = J 
hcnco — 

P = D{D -*) = fcoti^fMti - sr), 

,',*•= 2f cot a, 
o 2fcot_Lfi, 

.r fofcotfi . (4) 

where p = the deflection of llio a particlo «= (a- - 2a) 

Further, if thorc arc n molecules in n cube of 1 cm side tho pro- 
bability that another molecule shot through the cube will “hit” 
one of the contained molecules is known to bo md* where d m the 
diameter of a molecule In the some nnj if there aro n atoms per 
o em in a piece af metal foil of thickness t tho probability P that a 
small partiolo shat into tho fail will mime within a distance l of a 
nucleus is given by — 

P as mtP, 

and this is tho fraction/ of any given number of small partielos 
■hat into it which will come within this distance l Tho fmation 
which will come within the distances f and l + dl is 



dP = 2 mlldl 


Now from (4) 


2 . 

dp 


1 


and snbslttnting far dl and l in tho preceding - 
dP »2-nf|eot|(-| Leosoo* 

= - SLa 5 cot £ coseo* £ dp 
4 2 2 



Hence the fraction /dofleoted between tho limits Pi and ft will 
be obtained from tho above by integrating between these limits* 
tho integration gives — 


/=> r Z!i:n* (cot*& - cot* | s ) 
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Maroden and Geiger detenmned, as previously indicated, this 
bastion to the known angles ft, and ft and then, knowing n and t, 
*wa* found Substituting the value of a in (1) and knowing the 
energy £mt> and the value of e, the reun i ted value jST was found 
The number N of free positive ohsrgs* m the nucleus (and therefore 
the number of electrons outside) was found to be as mentioned in 
Ark 339, equal to half the atomic weight or somewhat lees, end a> 
was of the order 10" 1 * em far gold and smaller for lighter elements 
N most of eonrsa be a whole number end is taken now to be the 
atomic number which (JET - 1) is roughly, to other elements, half 
the atomio weight, really somewhat less (nee Art 389) 
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3 Atomic Weights, Valencies, and Electro-chemical 
Equivalents. {International Atamio Weights 1012 , 0 « 10 ) 


Element 

Atomio Weight 
(0 s 1C) 

Valency 

Aluminium 

(A1 


271 

3 

Antimony 

(Sb 


120 2 

3 

Bismuth 

HI 


2030 

3 

Bromine 

{Br 


79 02 

1 

Cadmium . 

(Cd 


112 40 

O 

Calcium 

. (Ca 


4007 

2 

Chlormo 

(Cl 

{Cu 

(An 


35 40 

1 

Copper 

GoM 


67 57 

107-2 

1 or 2 

3 

Hydrogen 

Kj 


1003 

1 

Icuine 

• J* 

(Fa 


120 92 

1 

Iron 


55 84 

2 or 3 

head 

erb] 


207 10 

2 

Meraury 

Oxygon 

•<» 


2006 

160 

1 or2 

2 

Platinum 

(pt 


195-2 

4 

Potassium 

(K 


39 10 

1 

Sliver 

(Ag] 


107 88 

1 

Sodium 

. (IM 


2300 

1 

Tm . 

Ztno 

(Sn) 

1190 

2or4 

. (Zn) 

05-37 

2 


Electro chemical equivalents (grammes per eonlomb) — 

Gas 0003203 ; Ag = 0011183 i Zn » 00033S7 , E = 00001044 
Note — Chemical cqunalcnt » Atomio weight — Valency 
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4 Speoiflo EiBiiirfcattcea, CondnotivitieB, and Temperature 
Co efficients 


Substance 

Sp Res at 
18* 0 (ohms 
per cm cube) 

Conductivity 
at 18* 

Temperature 

Coefficient 

Silver 

i 1 86 X 10-* 

8 0S x 10* 


Copper (drawn) 

1 78 X 10-' 

6 62 x 10 


Zmo 

61 x 10"* 

16 X 10* 

0037 

Iron 

14 x 10-* 

71 X 10* 

0062 

Lead 

21 X 10-* 

48 x 10* 

1 1 ■tII 

Heronry 

941 x 10"* 

1 08 x 10‘ 


Platmmn 

1 18 x 10“* 

8 6 x 10‘ 


Aluminium 

8-0 x 10"* 

38 x 10* 



Mcmganm {On - 84, Ni - 4. Mn = 12) — Sp Res =476x10-* 
»t O’ 0 , Temp Coett «. 000018 
Platmmd (On = 82, Hi - 16, Zn = 22) — Sp Rea =844x 10~* 
at IP O ; Temp CoefF -= 00021 

.Benito (Be = 80, Ni — 16, Mn = 6) — 8p Rea = 12 x 10** . 
Temp Ooeff = 00109 

4, Zn = 1, Ni = 2) — Sp Rea. at S x 10“* 
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S Bata for Reference 


Kabo ejm for eleotron 

Electronic charge (e) 

Eleotronia mass (m) 

Radius of electron , 

Ratio e/m for JET ion in electro- 
lysis 

Charge on monovalent ion 
Mass of H atom 
Rodins of H atom 
Ratio of moss of eleotron to mass 
of iT ion 

Number of moleoules in 1 o o 
of gaB at 0“ C and 760 mm 
Velocity of light 
“n"— ratio of units— Rosa and 
Dorsey (1907) 

“Magneton” moment 
Planck's universal constant (5) 


f 1 772 x 10 1 e m units per grin 
(. 5 32 x 10 n e s units per gem 
) 1 55 x 10”** e m units 
1 4 65 x 10"“ e.s units 
8 9 x 10”** grm 
187 x 10““ om 
96 x 10* em units per grm. 
2 88 X 10“ es units per grm 
I e as above 
| 1 B5 x 10"** grm 
1 2 x 10~* om 

j 1 1860 (taking e/m as above) 
1 2 9 X 10“ 

2 998 X 10“ am per see 
1 2 997 X 10“ cm. per sco 

18 64 x 10-* 5 
6 X 10“** 


6. Books to Kead 

(a) Molecular Physics, by J A Ctwther 
Modem Electrical Theory, by N R Campbell 

(b) Manual of Radiotdegraphy and Radiotdephmy, by J A 

Fleming 

(e) Conduction qf Electricity through Gases, by Sir J, J Thomson. 
Rays of Positive Electricity, by Sir J J Thomson 

(d) Radio-active Substances and their Radiations, by Sir E. 

Rutherford 

(e) Corpuscular Theory of Matter, by Sir J. J Thomson 
Electron Theory of Matter, bv 0 W Riobardson 
Relativity and (he Electron Theory, by E Cunningham 

(f) A Treatise on the Theory of Solution, by W 0 D Whethsm 

( g ) Electrical Engineering— Continuous Current, by W. T. MsoobIL 
Alternating Currents, by C G Lamb 


ANSWERS. 


Exareuea XX 

B —(1) 25 volt (2) f of 88, i * 10 ft from copper terminal 
(8) I = i ampere FD = 1 i volte (4) 4 8 

(6) One wrongly oanneoted 
(6] +25, -148, - 95, - 25 

O —(1) 20 eella (8) 8 wire, 12 cell* par row 

(8) 62 amp , 81 amp , Hi Bj «= 2 1 
(4) 276 ohrna, 60 watte in battery, 40 watte tnleada, 1100 
watte in lamps 

(6) 228amperea, 2 86 amperaa 

(7) Eenetancejp that of a puce of the same wire of length 

(2- is/2) tunea the length of one aide of the atpiare 

Exareuea XXX 

B — (1) 111 chine, 10778 ohma, 3G5S 27 ahma 

(2) 8000 ohma, 4 (8) 70 diviaiona, 2 (4) SB 20 

C — (2) 608 (6} raVIT 

(8) — 0 G- S mate (9) = JL 

v ' 81 ' 6 , n* 

(10) 8rae (1 — coa 9 ) >= gme (l £ , 

2mc mcsL, 266 COS nmfc. 

(•’ + «»)* 2 


(UMXM2 


609 
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Exercises XXII 

B— (1) 10 1, 1 1, 10 1 

(3) Bes of A= 16 ohms, Bee of B = 0 ohms j 

Heat in A Heat m B = 5 8 

(4) 6 ohms (6)39*0 

C. — (1) 62 ampere , 81 ampere , 2 1 

(2) Heat in Case 1 =» 88 1 calories per second. 

Heat in Cose 2 = 8 48 calories per seaosd 
(8) 1148 (4) 1608 volts 

(5) 3402 grm , 142 8 oalones , 09 7 calories , 40 6 calories 

(0) 10 J absolute units (7) 9 volt, 01 ohm (8) 1049. 

Exercises XIV 

B — (1) 001 grm. per coulomb 

(2) Cn = 6680 0 arm , Hg = 20747 grm , H = 103 8 grm , 
UaOII = 4168 6 grm , On — 8280 3 grm 

C— (4) 606 ampere (6) 4 1, 16 1 

(6) 1688 grm , 80964 oalones 

(8) Current in A = 108, Current in B = 845 

Exercises XV. 

C— (6) 760 

Exeroises XVII 

B— (1) 1267 X 10~‘ volts 

(2) 260 dynes , perpendionlnr to field and condnotor 

0— (2) D000141372 volt (8) 128 x 10" 8 volte 

(6 ) i = 05 henry, H = -018 henry Bednced. 

Exeroises XVXXX 
C.-(3) 1 12S * — dynes 

Exercises XIX. 

C — (1) 14 86 for (a) and 19 09 for (6) nearly. (2) 4 m f 
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Bzromi XX. 

0 — (8) 184 HP , 788p«r'C8nt 

Sxarolaas XXXV. 

0 — [6) UJBbathondmthafenstt ~^dyne» 
Tbu radios R = om 




INDEX. 


« A *» AST) 

A i 80 


'B" positions of Gann, 


anjn.ii 480,410,411 , „ 

Detanmantum of t'm and v for, 
n 448 

„ . Determination of e and m for, u 
441 

,, , Identity with helium, ii 415 
Absolute determination of eorrent resist- 
ance and B M F , 240 819 
Abeolete determination of “H," i 119- 
121, 147 

Absolute determination of “ M,‘ i 120 
Ybsohita electrometer, i 823 
Absolute mute (tee under the runout 


Amplitude, l 00 
Angular acceleration, l 70 
„ displacement, l 70 
Anion, u 20 
Animal changes, i 102 
Anode, u 20 

Arsjo'a experiment, u 249 
Arma t ur e, n 270 

„ winding, u 272 
Atmospheric electricity, i 8634)70 
i ,, ,, , Causes of, l 809 

I Atom, Dumtegrabon of, u 440-460 
, Energy a, n 403 
, Number of electrons m the, u 472, 
and Appendix, 2 


Accumulators, n 103 
Aclinic hue, i 161, 163 
Aetna of a magnet m a mm uniform fleld, 
i 0S 

Arfrim^ nf Q Tnnp t f tT u BH ii i fr f i if f 1 54 


Atomic number, u 476, 605 
Atomic structure, Bbhr, u 476, 477 

g»ffi c.. a 

„ „ , Bntherford, n 478 

, Thomson, u 473 


a aniyiJM limit— i iuuu.i in ' ,, , , xiumuiiu, u wa 

Action of B magnet in two magnetic fluids 1 Attracted dmo or absolute electrometer, 

it r*ht angles, i 60,87,® > 89 1 BO 1 91 f 

Aether, The, eta . n 8®, 8/4, 471, etc 
Agglomerate Lecianohd cell, n 12 
Agonic lutes, i 161,162 
Alien sting current aromti, Power m, 
n 82$ _ 

Alternating currant, Transmission by, a 
888a 

AKemihnr B HD's and Oimnti, u 
Ch XX 

Average mines of, n 241, 320 
Cnlenfibooi on, 820a 
Graphic representation of, n 818 
Mmnnnm i aloes of, n 243,330,321 
Virtual rakes of, n 319 
Alternators, Single, t«o and throe phase, 
n 838 

Ammeters, u. 108 

n , Hotwire, n 133 

„ , Bhnntsfor.u 110 

„ , Siemens, iS 110 

H , "Weston, u U0 

Ampere, Intemabonal, u 34 
„ , The.n 38,84 

„ , Virtual, n 323 
Ampere-boar, ii 84 
„ -turns, n 810 
Amphre’s Lows, u 101 

Shin,!! 16,10 


Anna, l 809 

R A OHM, a 43,340 
0Bm.a 430.440,443 
p By Jflotum nation of e/m and v for, 

Balance, Kelvin entran t , a 107 
„ , Torsion, i 108, 811-816 

Baltendsd magnet, l 3 
Ba&sstac galvanometer— - 
Correction for damping m, a 115 
Shading constant of, a 21/ 

Moving coil, n 114 
Movmg magnet, n 113 
B nH iaho method of ueaimnig pertneo- 
Wtty.ii 801 
Bar and yoYe, n 813 
Barlow's wheel, n SIS 
Batteries, n 16,60 

•> , Efficiency of, u 127 

„ , Moasnrnient of resistance of, 

ii 211 

Bento Batteries, ii 13 
Bichromate eeU,Po|g$ii3darfrs l ii 10,11 
Bifllar suspension < magnet, i 72 
Biot and Sarartfs experiment, u 07 
Biot’s expenment, 1 195 

a expenment, n 374 



INDEX 


Board of Trade Unit, u 45 
Bound and free charges, i 198, 214 
Boundary conditions (electrostatic), i 278 
„ „ (magnetic), li 2)8 

" Broadside on ” position, l 87 
Brush discharge, i 332 
Bunsen's cell, li 10 

/TABUS faults, Testing of, ii 282a 
U Calibration of Budge une, u 2 07 
Cullender and Griffiths bridge, n 210 
Canal rajs, u 894 

C ipncities, Comparison of, i 831 833, u 

280 , zh 

Capacit), c m unit of, l 233, 268 
,, , c s unit of, i 288,280 

,, , Measurement of, tnom units, 

u 228 

„ , Practical unit of, 1 283, 288 

„ of accumulator, n 185 

„ of a condenser, i 285-287 

, of a cylindrical condonser, i 201 
„ of a plate condenser, i 292, 293 
„ of a spherical air condenser with 
inner conductor earthed, i 
290,297 

„ of a spherical condenser, l 291, 
292 

„ of a spherical conductor, l 231 
, of a submarine or concentric 
cable, l 291, 29 => 

Capillary electrometer, n 165 
Carey Foster bridge, n 200 
Causes of atmosphoric electricity, i 8B9 
Causes of tha oarth’s magnotio field, i 
108105 

Catenduh's proof of the law of lurarsa 
squares,] 815 810 

Coll, Ohomical theory of simplo, u 4-7, 
147 

„ , Copper and riuc, u 2 4 
,, , Theories of simple, ii 117 
Colls, Concentration, u 159 
„ , E M F. of reicrsiblo, u 153 
„ , Grouping dissimilar, u 57 
„ , „ similar, u 50 

„ , Measnroment of resistance of, ii 215 
„ , Secondary, u 102 
,, ,Y«noos,fi 8-16 
O G S olcctromagnotic unit of capacity, 
i 238, 280 

O G S electromagnetic unit of potential, 
i 225,n30,37 

C G S electromagnetic nmt of qnnntit), 
u 38, 31 


O G S electrostatic unit of capacity, i 
283, 280 

O G S electrostatic unit of potentm), i 
225 

0 G S electrostatic mut of quantity, i 
228 

Charge, Magnetic effect of moving, ii 
407 

Charges on hollow bodies, i 202 208 
Charging by induction or influence, i 19t 
Chemical offeets of a cunent, u 20 25 
Cholmg coils, n 824 
Ohiomio amd cell, n 11 
Clark's Standard Cell, u 13 
Olnusins' ionic theory, u 7 
Coefficient of magnetisation, specific, u 
818 

Coefficient of mntnal induction, n 253 
and self induction, comparison of, n 2SS 
Comparison of, by Maxwell’s method, 
u 288 

Measurement of, by Carey Foster’s 
method, u 280 
of two solenoids, u 254 
Coefficient and mutual induction, Com 
pnnson of. n 288 
„ of a solenoid, n 251 

„ of coaxial cylinders, n 262 

, of parallel wires, u 252 

, of recombination, u 438 

,, ofsolf-indnction.ii 250 

Coefficients of potential, capacity, sad 
induction, l 200-208 
Coefficients of self-iadnction— 
Comparison of, fay Maxwell's motliod, 
u 285 

Comparison of, by Nnon Mnxnell 
method, n 2SG 

Measurement of, by Andecson’smothod, 
u 282 

Measurement of, by Bnyloigh Maxwell 
method, u 278 

Measuremcntof,hy Biuungtoii-Maxnell 
method, u 280 
Coercive force, i 89 
Coeremty, i 8 
Coherer, The, u 801 
Coil rotating in magnetic field, » 211 
Comparison of— 

capacities, i 881-888 , u 230, 375 
currents, n 35, Oh All , 221 
B M F 'a, u 222 

magnetic fields, i 71, Ob III , “> 
211 

magnetic moments, i 71, Oh HI 



INDEX 


Comparison of— 
magnetic poles, i Oh HI 
mntaal inductances, n 233 
reactances, a 208 
self-inductances, u 285 
Gm^m, Soon and corrections of, i 

Composition of magnetic*, 1 48,48 
Ooac m bato n cells, li 152 
Condonation erpoiaents, Uilblan, u 
400 

Condonation onmnnonto (Thomson and 
WH*oo), n 401 
Condenser— 

Action of, in ndnebon coil, n 299, 
270 

Oamntmtha charge and Mint of 
a, n 258 

OmU»torj discharge of, a 260,854 
Tims constant of, n 814 
Condensers, ■ 2S4307 

, Fnnaplo of, i 2SA285 




electrolytes, u 188 
gases, n Oh YXTTT 
■i , magneto field, n 488 
momaElactnmietheoiiea of oloctrial, 


mrtah^Elactromo thsoosi of thotmal, 

^ tiro dimensions, n 89 
Oondantmty, Eqnnalsnt, n Ml 
Oondnetoia and insntatots, t 176 
Oim ataiit o f .htlliotw galnaometer, Bo- 
tg iuium oan of, n JW7 
Oontost^stsabal, Bteetmuo thaniy of, 

Contact theory, a 147 
Gonrectum discharge, 1 199 
Oopperplatog, a 25 
Omnebona in dotenmaatum of " H,”i 
181-129 

Coulomb, 1 H8 { n 88,84 
n , International ,n 44 

Oonhmb'a Law, 1 251,254 
_ »j . fcia wn balance, 1 108. 811-315 
Coo^abatwoonoman magneto,! 88,69, 
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doe to difference in concentration, u 
129 

m a thermo electno aremt, u 176 
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808 

„ tester, Ewing’s, u 811 

P IFEDiLHOE.il 814 
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India of refraction and dielectric constant, 
Eolation between, u 870,476 
Induced charges, i 188 
Induced E Jiff 'a and currents, n Oh 
XVII 
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„ -hoar, a 85,46 
Kanhhoff'e Laws, u 58 
Application of, to eelb in parallel, a 


Ap plic a tion of, to Wheatstone badge, 


Local action and pdanmboa, a 7,8 
Lodeetme,! 1 
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„ difference, e ■ nmt of, i. 23$ 

„ difference, Measurement of, a 
222 

„ difference, Practical unit of, t 
226. 11.86.87 

„ doe to neighbesnog charges, u 
190.194 
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266 

Primary cells, u 1-16 
Principle of condensers, l 284. 286 
Poll on magnet faces, i 28, 99/, u 293 
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319 

Effect of temperature on, n 47,448 
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